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Summary
Permafrost is a subsurface phenomenon existing in cold mountain regions. It influences
ecosystems, hydrology, mechanical properties of the subsurface and sediment transport.
The practical relevance of permafrost research in the European Alps is given by the con-
struction and maintenance of infrastructure in permafrost zones and the assessment and
prevention of permafrost-related natural hazards. Permafrost is generally invisible at
the terrain surface and direct observation via satellite imagery is impossible. Therefore,
modeling approaches are required to spatially map permafrost and analyze its charact-
eristics. However, mountain permafrost is characterized by a high spatial variability
caused by topography, surface and subsurface characteristics, which make observation
and modeling of permafrost challenging.
The aim of this thesis is to characterize permafrost for the entire Alps using widely
applicable methods, which allow comparable permafrost analyses, which are compat-
ible between regions. This requires an Alpine-wide collection of permafrost evidence
data, where local data sets are compiled in a standardized database. Based on that,
a permafrost distribution model was developed that a) distinguishes between differ-
ent surface types, b) accounts for the spatial extrapolation of model results to settings
(topography and surface characteristics) where no calibration data is available, and c)
addresses scaling issues, which are required if different sub-models rely on different
spatial resolutions or if the model prediction is performed for another resolution than
the model calibration. This modeling approach was used to provide the first fully con-
sistent permafrost distribution map for the European Alps. Additionally, the total per-
mafrost ice content in the Alps was estimated as a first step towards the understanding
of permafrost hydrology in a changing climate.
Currently, the Alpine permafrost evidence inventory contains 408 evidence points and
polygon information of 4795 rock glaciers. The compiled point evidence is biased to-
wards permafrost existence and unbalanced with respect to surface and ground char-
acteristics. However, it allows new insights because large environmental gradients are
covered that cannot be analyzed using local inventory data. The rock glacier inven-
tories provide a comprehensive source indicating permafrost absence/presence. The
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permafrost distribution model is based on a statistical approach that distinguishes be-
tween the two surface domains debris cover and steep bedrock. For each domain a
regression model was developed with the explanatory variables mean annual air tem-
perature, incoming solar radiation and precipitation. Temperature offset terms are used
to extrapolate to other spatial domains, where no calibration data is available. The pre-
dicted permafrost index values describe qualitatively the probability of permafrost oc-
currence in a permafrost map. Low index values represent locations where permafrost
only occurs in very favorable condition, whereas high index values represent grid cells
with permafrost in nearly all conditions. Local modifying variables and processes such
as the effect of the snow cover on the thermal regime of the ground can not all be ac-
counted for in such a modeling approach. Therefore, we designed an interpretation key
that allows the map-user to account for these and to refine the shown estimate of per-
mafrost index values on the map. The map has a grid spacing of approximately 30 m
and covers the entire Alps. The results reveal that the area underlain by permafrost
is larger than the glacial coverage in the Alps and is estimated to be in the order of
6000 km2.
The estimation of the permafrost ice content for an entire mountain range is challeng-
ing because information of subsurface characteristics is rare and needs to be spatially
extrapolated. According to our analysis, the total water content of permafrost ice in the
European Alps is about 26 km3, which is approximately one quarter of the total water
equivalent of the glacier ice in 2003.
In order to enhance the possibilities for model calibration and quantitative evaluation,
further efforts are required to coordinate permafrost observations in the European Alps
and to compile local permafrost observations into an Alpine-wide database. The com-
bination of statistical-empirical and physically-based modeling approaches offers new
possibility for applying complex models to an entire landscape and thus, to enhance the
possibilities of mapping and characterizing permafrost for large areas.
Zusammenfassung
Permafrost ist ein weit verbreitetes Untergrundphänomen in Gebirgen wie den euro-
päischen Alpen und beeinflusst Ökosysteme, hydrologische und mechanische Eigen-
schaften des Untergrunds sowie den Sedimenthaushalt. Permafrost ist relevant für die
Planung und den Erhalt von Infrastrukturbauten, und die Beurteilung sowie Prävention
von Naturgefahren. Da das Untergrundphänomen nicht direkt an der Erdoberfläche
sichtbar ist, sind Untersuchungen dazu im Gelände mit grossem Aufwand verbunden.
Zudem ist die räumliche Variabilität von Permafrost in Gebirgen sehr gross, was die
Extrapolation von Beobachtungen und Messungen erschwert.
Das Ziel dieser Arbeit war es, die Verbreitung von Permafrost mit einem einheitlichen
Modellansatz für die gesamten europäischen Alpen abzuschätzen. Dazu wurden lokale
Messungen und Beobachtungen in einem alpenweiten Inventar zusammengefasst. Ba-
sierend auf diesem Inventar konnte ein Modell zur Verbreitung von Permafrost erstellt
werden. Der in dieser Arbeit entwickelte Modellansatz berücksichtigt a) die Unter-
scheidung verschiedener Oberflächentypen, b) die räumliche Extrapolation von Model-
lvorhersagen in Gebiete, wo keine Kalibrierungsdaten vorhanden sind, und c) skalenab-
hängige Lösungsansätze. Letztere werden benötigt, wenn die einzelnen Teilmodelle auf
unterschiedlichen räumlichen Auflösungen basieren oder die Modellkalibrierung mit
einer anderen Auflösung durchgeführt wurde als die Modellanwendung. Das im Rah-
men dieser Arbeit erstellte Modell bildet die Grundlage für die erste Permafrostkarte für
den gesamten Alpenraum. Basierend auf dieser Karte wurde zudem der totale Eisge-
halt des Permafrosts in den Alpen abgeschätzt. Diese Abschätzung entspricht einem er-
sten wichtigen Schritt, um die hydrologischen Aspekte von Permafrost für eine gesamte
Gebirgsregion besser zu verstehen.
Das alpenweite Inventar für Permafrostdaten, welches im erweiterten Rahmen dieser
Arbeit zusammengestellt wurde, beinhaltet Daten von insgesamt 408 Punktbeobacht-
ungen und Polygonen von 4795 Blockgletschern. Insgesamt gibt es mehr Beobacht-
ungen über die Präsenz von Permafrost als über dessen Absenz, und die Verteilung der
Beobachtungen mit Blick auf die Oberflächeneigenschaften ist unausgewogen. Trotz-
dem liefert dieses Inventar wertvolle neue Erkenntnisse, da erstmals einheitliche Analy-
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sen über den gesamten Alpenraum möglich sind. Insbesondere die Blockgletscherin-
ventare bieten flächendeckend einen relativ guten Hinweis zur Verbreitung von Per-
mafrost.
Das statistische Permafrostmodell differenziert zwischen den zwei Oberflächentypen
Schutt und steiler Fels. Für beide Oberflächen wurde ein Regressionsmodell gerechnet
mit den folgenden erklärenden Variablen: mittlere jährliche Lufttemperatur, einfallende
kurzwellige Solarstrahlung und jährliche Niederschlagsmenge. Temperaturoffsets wer-
den verwendet, um die Modellergebnisse auf Gebiete, wo keine Kalibrierungsdaten
vorhanden sind, zu extrapolieren. Die Permafrostkarte verwendet Indexwerte, welche
qualitativ die Wahrscheinlichkeit von Permafrostvorkommen beschreiben. Kleine In-
dexwerte beschreiben Flächen, wo Permafrost nur unter sehr günstigen Bedingungen
vorkommt. Hohe Indexwerte beschreiben Geländezellen, wo Permafrost unter fast
allen Bedingungen existiert. Nicht alle lokalen Effekte, die einen Einfluss auf den Per-
mafrost ausüben, konnten im Modell berücksichtigt werden (z.B. Einfluss der Schnee-
decke). Die Legende und der Interpretationsschlüssel versuchen dem Rechnung zu tra-
gen, indem die wichtigsten lokalen Einflüsse erklärt werden, was dem Kartennutzer er-
laubt, die geschätzten Indexwert in der Karte den lokalen Gegebenheiten entsprechend
anzupassen. Die Abschätzung des Eisgehalts im Permafrost für eine komplette Gebirgs-
kette ist anspruchsvoll, da die wenigen Informationen, die es zu Untergrundeigen-
schaften gibt über grosse Regionen extrapoliert werden müssen. Hinzu kommt die
grosse Unsicherheit der räumlichen Verbreitung von Permafrost. Basierend auf un-
seren Modellrechnungen, beträgt das Wasseräquivalent von Permafrosteis in den eu-
ropäischen Alpen 24–28 m3, was ungefähr einem Viertel des Wasseräquivalents der
Gletscher entspricht.
Um in Zukunft die Möglichkeiten für die Kalibrierung und Validierung von Permafrost-
modellen zu verbessern, ist eine gute Koordination zwischen den verschiedenen For-
schergruppen in den Alpen wichtig. Die Kombination von statistisch-empirischen und
physikalisch basierten Modellansätzen ermöglicht neue Ansätze, um komplexe Mo-
delle auf eine ganze Region anzuwenden und deshalb den Permafrost für eine grosse
Region besser zu charakterisieren.
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1
Introduction
1.1 Motivation
Permafrost is a widespread phenomenon not only in high-latitude regions, but also at
high elevations in mountain areas such as the European Alps (Haeberli et al., 2011). It
affects ecosystems (Yang et al., 2010), the hydrology (Hinzman et al., 2003) and the me-
chanical properties of the subsurface (Arenson and Springman, 2005). The high sensitivity
of mountain permafrost to climate change (Haeberli et al., 2011) leads to changes in per-
mafrost conditions, which can affect river runoff, water supply, and landscape stability
(IPCC, 2007). Among the most important implications for human beings in mountain-
ous areas are a) problems in engineering of infrastructure in seasonally or perennially
frozen ground (e.g., Bommer et al., 2010), b) permafrost related natural hazards (e.g., Hae-
berli, 1992), and c) river runoff and water supply (e.g., Woo et al., 2008). In a mountain
range, it is therefore desirable to know where permafrost is present and what its ther-
mal condition and ice content is. Permafrost as a thermal subsurface phenomenon is
invisible and field evidence is generally rare or expensive. Therefore, suitable model-
ing tools are essential to analyze the spatial, thermal and mechanical characteristics of
permafrost.
Permafrost studies in the European Alps usually focus on single countries or regions,
but large parts of the Alps have not been addressed yet. The related modeling ap-
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2proaches are regionally calibrated and applied and rely on differing methods, which
makes it impossible to compile them into an Alpine-wide characterization of permafrost.
Therefore, a uniform characterization of permafrost in the Alps is required to make per-
mafrost analyses comparable and compatible between regions.
1.2 Objectives and related research questions
This thesis focuses on permafrost characterization in the entire European Alps. The
aim is to obtain a spatially continuous estimate of permafrost distribution using uni-
formly applicable methods and to provide the first Alpine permafrost distribution map.
Additionally, the permafrost ice content of the European Alps is estimated, which is im-
portant to further analyze the relevance of permafrost on river runoff and water supply
in a changing climate. The following three objectives were defined to achieve this:
A Assemble existing permafrost evidence for the European Alps in order to charac-
terize permafrost for a large area and to provide a uniform Alpine-wide database
for model calibration and evaluation.
B Model the spatial distribution of permafrost in the European Alps and provide an
Alpine permafrost map.
C Estimate total permafrost ice content in the European Alps.
For each objective research questions are formulated. Objective A is important because
an Alpine-wide collection of permafrost data is missing and it forms the basis to reach
objective B and C. The main research question for objective A is:
A1: What are the most relevant evidence types and which information per evidence
type is required for an Alpine-wide permafrost inventory, which serves to a) increase
knowledge of spatial permafrost distribution, and b) provide a solid basis for model
calibration and evaluation?
Because permafrost is generally invisible, modeling is required to map its spatial distri-
bution. The research questions for objective B are:
B1: How can the permafrost distribution be estimated for the entire European Alps?
B2: What kind of legend and interpretation key is suitable to communicate the esti-
mated permafrost distribution and its uncertainties in a map-based product?
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The estimation of total water equivalent of Alpine permafrost requires a simple but
robust framework that deals with the involved assumptions and uncertainties. The
following research question is defined for objective C:
C1: What is the permafrost ice content of the European Alps and which are the most
important parameters of such an estimation?
1.3 Structure of thesis
This thesis is divided into three parts:
Part I provides a synopsis of the entire thesis. After this introduction, the relevant scien-
tific background is reviewed in Chapter 2, where an overview of the main characteristics
of permafrost is given, permafrost field evidence are introduced and main modeling ap-
proaches are described. At the end of Chapter 2, needs, which are identified based on
reviewing the permafrost literature are formulated. Chapter 3 describes the main meth-
ods that were applied and Chapter 4 summarizes the most important results. Both,
Chapters 3 and 4 summarize the research conducted in the journal papers (Part II). A
generic discussion of the applied methods and the obtained results is given in Chapter 5.
Finally, Chapter 6 concludes Part I. Here the research questions from the Introduction
are revisited, the main findings are drawn and an outlook is given.
Part II contains the four journal papers, which constitute the main research of this the-
sis. For each journal paper the main contributions of the author are summarized at the
beginning. Publication I describes the compilation of the Alpine permafrost evidence
inventory. In Publication II the uniform statistical framework to estimate permafrost
distribution in the Alps is introduced. Publication III applies the permafrost distribu-
tion model to the Alps and presents the final Alpine Permafrost Index Map. In the last
Publication (IV), the total permafrost ice content for the European Alps is estimated.
Part III consists of a personal bibliography, curriculum vita and acknowledgments.
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Background
2.1 Definition and relevance of permafrost
Permafrost is defined as ground that remains at or below 0 ◦C for at least two con-
secutive years (van Everdingen, 1998), irrespective of the presence or absence of ice.
Problems of the definition of permafrost arise especially in continental climates where
the distinction of permafrost and glacier is not always obvious, because transitions of
cold/polythermal glaciers, ice-cored moraines and perennially frozen sediments are
possible (Kneisel et al., 2000a, Haeberli et al., 2006). In mountain areas such as the Eu-
ropean Alps, permafrost is characterized by a high spatial variability, caused by effects
of mountain topography (e.g., Gruber and Haeberli, 2007), surface characteristics (e.g.,
Gubler et al., 2011, Schneider et al., 2012) and ground properties (e.g., Hanson and Hoel-
zle, 2005, Schneider et al., 2012). Topography and surface characteristics largely control
microclimate and snow cover characteristics, which both influence the thermal regime
of the ground significantly (Hanson and Hoelzle, 2005, Luetschg et al., 2004, Haeberli et al.,
2011, Apaloo et al., 2012) and thus contribute to the spatial variability of permafrost char-
acteristics.
The uppermost ground layer above permafrost is the active layer. Here, the ground
thaws during summer due to seasonal air temperature variations. By definition, this
layer does not belong to the permafrost, which starts directly underneath the active layer
5
6and reaches from the permafrost table to the permafrost base. Detailed overviews of per-
mafrost related terms are given by Williams and Smith (1989), Osterkamp and Burn (2003).
The phenomenon of permanently frozen ground has been known in the arctic for many
centuries, but the first written reference dates back to 1598 (Danilov 1990, cited in Dobin-
ski 2011). The expansion of infrastructure (e.g., military installations, petroleum explo-
ration, mining) resulted in an increased understanding of basic and engineering knowl-
edge from polar and arctic permafrost studies (e.g., Black, 1954, French, 2007). In the late
1970s, the Proceedings of the International Permafrost Conferences started to contain
papers about permafrost in mid-latitude/high-altitude mountain regions (e.g., Barsch,
1978, Gorbunov, 1978, Haeberli, 1978, Harris and Brown, 1978), which signaled the essential
beginning of systematic research on permafrost in high-mountain areas (Haeberli et al.,
2011). Since then, permafrost research in mountain regions was rapidly intensified.
Permafrost is relevant in many high-mountain regions. The main points are summa-
rized below (partly based on Noetzli, 2008):
- Permafrost is an important landscape feature in the Alps that alters the sediment
transfer budget (Nyenhuis, 2005, Etzelmüller and Frauenfelder, 2009) and influences
geomorphic processes. Important geomorphological features in the Alps that are
related to permafrost are a) rock glaciers (e.g., Barsch, 1977, Haeberli et al., 2006),
b) push-moraines (e.g., Haeberli, 1979, Kneisel, 2004), and c) ice faces and hanging
glaciers (Alean, 1985, Haeberli and Alean, 1985).
- Construction and maintenance of infrastructure in high-alpine environments re-
quires special adaptation to perennially frozen ground (Keusen and Haeberli, 1983,
Haeberli, 1992, Phillips, 2006, Wu et al., 2008, Bommer et al., 2010). Changes in ground
conditions, caused by the degradation of permafrost, can induce differential set-
tlement by soil creep and deformation (Harris et al., 2009) and lead to high main-
tenance costs (Bommer et al., 2010).
- The main permafrost related concerns with respect to natural hazards are a) the
destabilization of debris slopes by warming or degrading permafrost that possibly
increase the amount of erodible ground material for debris slopes (Haeberli, 1992,
Rebetez et al., 1997, Kneisel et al., 2007), and b) permafrost related slope instabili-
ties of steep bedrock and related rock fall activity (Fischer et al., 2006, Gruber and
Haeberli, 2007, Ravanel et al., 2010, Fischer et al., 2012).
- The hydrological significance of permafrost and the related effects of climate change
on the changing discharge of large rivers is important (Ballantyne, 1978, Woo and
Winter, 1993, Woo et al., 2008, Ye et al., 2009, Niu et al., 2011) and alters the sediment
transfer budget of high-alpine catchments (Etzelmüller and Frauenfelder, 2009).
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- Current permafrost temperatures or geomorphological landscape features can be
used to estimate past climatic conditions (Frauenfelder et al., 2001, Mottaghy and
Rath, 2006). The interpretation of borehole temperature in mountainous terrain,
however, is challenging because the climatic signal can be disturbed by three-
dimensional topographical and transient effects (Kohl, 1999, Gruber et al., 2004b,
Noetzli and Gruber, 2009). Additionally, changes and variations in local surface
conditions make it difficult to link directly changes in permafrost temperatures to
changes in climate (Smith and Riseborough, 1996).
2.2 Controlling variables and processes of permafrost
Permafrost and its characteristics are governed by a variety of processes and their in-
teractions at and below the Earth’s surface. The thermal regime at the surface is con-
trolled by the energy balance that involves incoming and outgoing short-, longwave
radiation, sensible heat flux, latent heat flux, ground heat flux and latent heat (details
are given by Oke, 1988, Williams and Smith, 1989). Besides regional patterns, air temper-
ature in mountain areas is generally a function of elevation and mainly influences the
sensible heat flux and the longwave radiation. The spatial distribution of mountain per-
mafrost is strongly related to slope, aspect and shading effects, which primarily control
incoming shortwave radiation and lead to strong spatial heterogeneity (e.g., Allen et al.,
2009). In steep bedrock, differences in north-south exposed slopes result in differences
in mean annual ground surface temperatures (MAGST) similar to those of 1000 m eleva-
tion change (Gruber et al., 2004a). For shallow slopes, the effect of aspect angle is much
less pronounced due to a smaller differentiation of the incoming solar radiation.
Surface characteristics, such as the albedo (e.g., Williams and Smith, 1989, Hall et al., 2005),
the vegetation coverage (Dingman and Koutz, 1974, Luthin and Guymon, 1974, Yi et al.,
2007), the grain size of surface material (Gubler et al., 2011) are relevant for the thermal
regime at the surface. The latter plays a key role in the thermal regime of many rock
glaciers and talus slope, where a coarse blocky surface layer leads to a cooling effect of
the ground (e.g., Humlum, 1997, Harris and Pedersen, 1998, Gorbunov et al., 2004, Delaloye
and Lambiel, 2005, Hanson and Hoelzle, 2005, Haeberli et al., 2006, Gruber and Hoelzle, 2008).
A number of processes may be responsible for the cooling effect of coarse blocks (details
are given by Harris and Pedersen, 1998, Gruber and Hoelzle, 2008, Juliussen and Humlum,
2008) and ground temperatures of coarse blocks can be up to 7 ◦C colder in comparison
to finer grained material (Harris and Pedersen, 1998).
Additionally, ground surface temperatures are strongly dependent on snow cover par-
ameters such as timing, duration, thickness, accumulation and melting processes (Good-
8rich, 1982, Zhang, 2005). Snow is characterized by a low thermal conductivity and thus
acts as an insulator between the atmosphere and the ground. Here, the thickness of
the snow cover (cf. Luetschg et al., 2008), the date of first significant snowfall in autumn
and the melt-out date in late spring or summer are important and control if the snow
cover has a cooling or warming effect on ground surface temperature relative to air
temperature. Situations at the foot of slope below avalanche detachment zones are of-
ten covered by an insulating snow cover until late spring, which leads to permafrost
favorable conditions (Haeberli, 1975). The high albedo of snow leads to a reduction in
the absorbed solar energy (Zhang, 2005). This can cause a cooling effect on the ground’s
thermal regime for situations with a thin snow cover (Keller and Gubler, 1993, Hasler et al.,
2011b) or for steep rock walls (Pogliotti, 2010). During the snowmelt process, latent heat
is released and acts as a heat sink (Goodrich, 1982, Zhang, 2005). The release of latent heat
has also been observed during strong rain events in winter, when rain water percolates
to the bottom of the snow pack and refreezes (Westermann et al., 2011). A coarse blocky
ground surface layer can lead to the formation of funnels in the snow cover allowing
for heat exchange between the active layer and cold winter atmosphere (Bernhard et al.,
1998, Harris and Pedersen, 1998).
The above summarized effects at the terrain surface are responsible for the surface offset
(Fig. 2.1), which is the difference of MAGST and mean annual air temperature (MAAT)
(Smith and Riseborough, 2002, Hoelzle and Gruber, 2008). The variability in MAGST that
is related to effects of topography and surface characteristics results in approximately
6 ◦C (Gubler et al., 2011).
The thermal regime at depth is mainly controlled by ground surface temperatures,
ground characteristics and the ground heat flux from the earth’s interior. In many
permafrost-modeling studies, conduction is assumed to be the most important trans-
fer mechanism of heat. If we assume uniform ground conditions, a one-dimensional
heat flow from the Earth interior to the surface and a sinusoidal surface temperature
variation as upper boundary condition, ground temperature (GT ) at any depth (z) and
any time (t) can be approximated using an analytical solution to the heat conduction
equation (Ingersoll et al., 1954):
GT (z, t) = Ts+ (Qg/K)z + Ase
−z
√
ω/2κ)sin
[
ωt−
( ω
2κ
)1/2
z
]
, (2.1)
where Ts is the surface temperature, Qg the geothermal heat flux (W m−2), K the ther-
mal conductivity (W K−1 m−1), κ the thermal diffusivity (m2s−1), and t the time in
seconds counted from the date in spring when the surface temperature wave passes
through its mean annual value. The surface wave is given by the amplitude As (◦C) of
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Figure 2.1: Schematic mean annual temperature profile through the surface boundary layer,
showing the relation between air temperature and permafrost temperature (modified from Smith
and Riseborough, 2002). The boundary layer alters the surface offset and is characterized by
snow cover, vegetation and surface characteristics.
the temperature wave, the period of the wave ω (s−1, i.e. ω = 2pi/31536000 s for one year),
and describes the seasonal temperature variations at the surface. In Eq. (2.1), entirely
uniform ground conditions are assumed. This condition is rarely met in reality because
the thermal properties of a ground normally vary with depth, moisture conditions and
temperatures (Williams and Smith, 1989). This is especially true in the active layer, where
freezing and thawing occurs and thus, the thermal properties of a ground can change
significantly with small changes in temperatures.
Another analytical equation that is often used in permafrost modeling is the Stefan So-
lution (Lunardini, 1991) to the moving freezing or thaw front (e.g., Nelson et al., 1997,
Anisimov et al., 2002, Zhang et al., 2005). The Stefan Solution is a special case of the Neu-
mann Problem (Neumann 1860 in Lunardini, 1991) where phase change position is an-
alyzed in systems with plane interfaces in a homogenous medium close to the melting
point (Lunardini, 1991). A simplified solution of the Stefan Problem is given by Hinkel
and Nicholas (1995), where the active layer thickness (ALT ) is:
ALT =
√
2K
LρΘo
√
ADDT. (2.2)
L is the latent heat of melting of water, ρ is the density of ice, Θo is the soil porosity, and
ADDT is the accumulated degree-days of thaw. In this model, ADDT is a partial tem-
perature integral over time, calculated by summing the average daily temperatures (◦C)
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from the beginning of the surface thaw (i.e., 0 ◦C) in spring to the end of surface thaw in
autumn, which ignores possible diurnal thaw events. In the Stefan model (Eq. 2.2) the
thickness of the active layer is mainly dependent on thermal conductivity, soil porosity,
ice content and the temperature signal from the surface.
The temperature at the top of the permafrost body (TTOP, Fig. 2.1), is widely used to
analyze climate-permafrost interactions (Smith and Riseborough, 1996, Juliussen and Hum-
lum, 2007, Riseborough, 2007). The thermal offset (Fig. 2.1) arises because the thermal
conductivity of the ground is greater in frozen state than when thawed and is strongly
influenced by moisture status (Smith and Riseborough, 1996). The effect of latent heat is
especially important for ice-rich permafrost because of the required energy for ice-melt.
As a consequence, the degradation of ice-rich permafrost close to 0 ◦C is slowed down
significantly (Romanovsky et al., 2010) and thus, the ability to see changes in permafrost
from changes in ground temperature is reduced. In addition the temperature at depth
is strongly dependent on three-dimensional topographical and transient effects in high
mountain environments (Kohl, 1999, Gruber et al., 2004b, Noetzli and Gruber, 2009). This
can result in permafrost conditions at depth, where surface temperatures do not indicate
it, and is a relic of colder conditions in the past (e.g., little ice age) and/or colder adja-
cent ground temperatures. In steep topography, multi-lateral warming (lateral heat flux
between different warm mountain sides) accelerates the pace of a surface temperature
signal penetrating the subsurface (Noetzli and Gruber, 2009). Next to conductive heat
transport, advective heat transport caused by the movement of fluids into and within
frozen soils can be important to the thermal regime of the ground (Kane et al., 2001,
Scherler et al., 2010). In steep bedrock, percolating water in fractures may be significant
for the temporal regime of the ground and its stability (Davies et al., 2001, Gruber and
Haeberli, 2007, Hasler et al., 2011a).
2.3 Evidence and monitoring of permafrost
In general, permafrost evidence can be separated into direct evidence and indirect evi-
dence. Borehole temperatures are the most common direct permafrost evidence and al-
low for a given location and time interval to determine permafrost presence or absence,
active layer depth (e.g., Harris and Isaksen, 2008) and permafrost base (if the borehole
is deep enough). If the drilling core is available, information of the internal structure
such as volumetric ice content or grain size distribution can be analyzed (Vonder Mühll
et al., 2000, Isaksen et al., 2003). In the framework of ”Permafrost and climate in Europe”
(PACE), six 100 m deep boreholes were drilled on a north-south transect in Europe (Har-
ris et al., 2009). Additionally, several less deep boreholes exist in the Alps (e.g., Arenson
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et al., 2002, Luetschg et al., 2004, Hanson and Hoelzle, 2005, PERMOS, 2010, Schneider et al.,
2012). Other direct evidence is generally rare and includes natural outcrops, such as de-
tectable ground ice in rock fall detachment zones (an overview for the European Alps is
given by Gruber and Haeberli, 2007) and outcrops due to human construction work (e.g.,
Keusen and Haeberli, 1983, Haeberli, 1992, Wegmann and Keusen, 1998).
Indirect evidence includes a) geophysical investigations (reviews are given by Von-
der Mühll et al., 2000, Kneisel et al., 2008, Hauck, submitted), b) detection of surface move-
ment (e.g., Kääb et al., 1997, Strozzi et al., 2004, Janke, 2005, Kääb, 2008), c) measurements of
proxy variables such as the basal temperature of snow (BTS, Haeberli, 1973, Hoelzle, 1992,
Lewkowicz and Ednie, 2004, Brenning et al., 2005) or ground surface temperature (GST,
e.g., Heggem et al., 2006, Hoelzle and Gruber, 2008, Gubler et al., 2011), and d) mapping
and observing of permafrost indicators such as intact rock glaciers (Barsch, 1978, Lille-
oren and Etzelmüller, 2011) or hanging glaciers (Alean, 1985, Haeberli et al., 1997, Gruber
and Haeberli, 2007). Many rock glacier inventories exist in the Alps, from which the most
comprehensive data in the scope of permafrost distribution mapping is available. This
is because rock glaciers are well visible geomorphological features that can spatially be
mapped over large areas using air/satellite imagery (Janke, 2001, Lehmkuhl et al., 2003,
Nyenhuis et al., 2005, Brenning et al., 2007, Lilleoren and Etzelmüller, 2011). In other regions,
also other indicators for present or former permafrost exist: pingos (Gurney, 1998), pal-
sas (Gurney, 2001, Luoto and Seppälä, 2002), ice wedges and other periglacial landforms
(Matsuoka, 2001b, Grosse et al., 2005). Even on Mars, permafrost related features have
been mapped by remote sensing (Mahaney et al., 2007).
Long-term permafrost monitoring is important to improve the knowledge-base of cur-
rent permafrost conditions, related processes and to analyze climate change effects.
The global network for permafrost monitoring is the Global Terrestrial Network for
Permafrost (GTN-P, http://www.gtnp.org) that was initiated by the International Per-
mafrost Association (IPA) and contains amongst others the Circumpolar Active Layer
Monitoring Network (CALM, e.g., Tarnocai et al., 2004). In 1995, ”Priorities for the Global
Geocryological Database”, were released by the IPA (Table 1 in Heginbottom, 1995): Ob-
servation parameters were ranked with different priorities for a) process understanding,
b) engineering design, c) global climate model validation, d) change detection, and e)
impact evaluation. According to Heginbottom (1995), important parameters for moni-
toring are: permafrost extent, permafrost thickness, active layer thickness, ground ice
content, spatial displacement, ground temperature, and moisture content.
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2.4 Permafrost distribution modeling
A model is a conceptual or mathematical representation of a phenomenon (Riseborough
et al., 2008). The value of a model depends on its applicability for a given purpose and
not its sophistication. Thus, complex models are not per se more useful than simple
ones, especially when calibration and test data are limited. The choice of a modeling
approach depends on the scale of interest (or level of detail), the knowledge and rele-
vance of involved processes, available calibration and evaluation data, and acquirable
computational resources.
Permafrost modeling is important because permafrost as a subsurface phenomenon is
in general invisible and its detection based on remote sensing (e.g., Burke et al., 2012) is
difficult, especially for mountainous areas. Additionally, field evidence is sparse and
generally expensive in realization. Where no field evidence is available, models are
the only tools to estimate current permafrost conditions. In general, permafrost models
can be separated into statistical-empirical and physics-based approaches. Overviews of
permafrost models are given by Etzelmüller et al. (2001a), Hoelzle et al. (2001), Riseborough
et al. (2008), and Harris et al. (2009).
2.4.1 Statistical-empirical models
Statistical-empirical models relate permafrost occurrence to topoclimatic variables, such
as elevation, slope angle, aspect angle, MAAT, or potential incoming solar radiation
(PISR). The advantage of these models is that in general only a few input parameters
are required, the computational requirements are limited and the testing and evaluation
of such models is relatively straightforward. As a basis such models require permafrost
evidence data for calibration. The statistical and empirical relationships act as proxies
for the most important processes of the energy balance at the surface or heat transfer
in the ground. In mountainous regions, statistical-empirical models are often used to
spatially predict permafrost occurrence.
One of the first empirical permafrost models for mountain permafrost is known as
the ”rules of thumb” (Haeberli, 1975), which are based on a simple energy balance ap-
proach and use basic relations of permafrost occurrence to topographic attributes, sur-
face characteristics and snow redistribution. The availability of digital elevation models
(DEM) in the early 1990’s, allowed the implementation of these rules in a GIS and to
spatially predict permafrost over wide areas (PERMAKART, Keller, 1992). Addition-
ally, new variables such as PISR (e.g., Funk and Hoelzle, 1992) could be computed using
DEMs. Based on that, PERMAMAP, which uses linear statistical relationships to predict
BTS, was established to estimate the spatial permafrost distribution (Hoelzle, 1992, Hoel-
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zle et al., 1993). PERMAKART and PERMAMAP form the basis for many permafrost
distribution-modeling approaches in the Alps (Keller, 1992, Imhof , 1996, Frauenfelder
et al., 1998, Gruber and Hoelzle, 2001, BAFU, 2005, Brenning et al., 2005, Ebohon and Schrott,
2008) and other mountain regions (e.g., Serrano et al., 2001, Tanarro et al., 2001, Julian and
Chueca, 2007, Ruiz and Liaudat, 2012). Further, generalized linear models (GLMs) such as
logistic regressions are used to predict permafrost occurrence using binary calibration
information (e.g., permafrost absence vs. permafrost presence) in many studies (e.g.,
Luoto and Seppälä, 2002, Lewkowicz and Ednie, 2004, Luoto and Hjort, 2004, Heggem et al.,
2005, Lewkowicz and Bonnaventure, 2008, Ridefelt et al., 2008, Li et al., 2009, Panda et al.,
2010, Bonnaventure and Lewkowicz, 2011, Bonnaventure et al., 2012). Other studies use
rock glacier inventories to infer the occurrence of permafrost (Janke, 2004), to identify
the lower boundary of discontinuous permafrost (Lambiel and Reynard, 2001, Nyenhuis
et al., 2005) or map past permafrost distributions (Lambiel and Reynard, 2001, Frauen-
felder et al., 2001). Generalized additive models (GAM) and other statistical approaches
such as artificial neural networks or support vector machine have been applied in geo-
morphological mapping studies (e.g., Hjort and Marmion, 2008, Brenning, 2009).
The predicted results of permafrost distribution models are typically visualized in map-
based products using discrete classification schemata to characterize the spatial dis-
tribution of permafrost (cf. Heginbottom, 2002). Maps that are based on GLMs pro-
vide probabilities of permafrost occurrence or corresponding probability classes (e.g.,
Lewkowicz and Ednie, 2004).
Existing permafrost distribution models are calibrated for a specific spatial domain or
surface type (e.g., using BTS measurements in gentle terrain) but subsequently often
applied to a whole mountain range. This spatial extrapolation is required for every spa-
tially distributed permafrost model, but corresponding methods or a critical discussion
of this issue are often missing in permafrost distribution studies. Additionally, scaling
issues are often neglected in permafrost distribution models. However, they are impor-
tant because permafrost observations are related to a specific spatial scale, depending on
the type of observation (e.g., ground surface temperature are mostly representative for
a small area in a highly variable environment), which has to be adequately accounted
for in a modeling approach when using DEMs with coarse grid resolutions or when
different types of permafrost evidence are combined.
An important improvement in permafrost distribution modeling has been established
in the permafrost map of Switzerland, provided by the Federal Office for Environment
(FOEN, Switzerland, BAFU, 2005) by distinguishing between different surface types.
Two different modeling approaches were used to map permafrost in steep bedrock and
debris areas. In debris areas, the modeling is based on the ”rules of thumb”, for steep
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bedrock corresponding relationships to predict MAGST were extracted from a physi-
cally based modeling approach (Gruber et al., 2004a).
2.4.2 Physics-based models
Physics-based or process-based permafrost models use mathematical formulations to
solve the relevant equations representing processes in the ground thermal regime (e.g.,
energy balance, heat conduction). Such models allow for spatio-temporal extrapolation,
are suitable to analyze processes, feedbacks and sensitivities and can be used to study
transient effects (Etzelmüller et al., 2001a, Hoelzle et al., 2001). Physics-based models re-
quire detailed knowledge of the involved physical processes, the geophysical properties
of the ground and of the energy balance at the surface.
Simple physics-based models use analytical solutions to the general heat flow theory:
E.g., Stefan Solution to the freezing or thawing front, Eq. (2.2) (Lunardini, 1991, Anisimov
et al., 2002, Shiklomanov and Nelson, 2003, Zhang et al., 2005), the Kudryavtsev Model
for estimating maximal annual thaw propagation and the mean annual temperature
at the top of permafrost (Kudryavtsev et al 1974 in Riseborough et al., 2008), and the
TTOP model to estimate the mean annual temperature at the top of permafrost (Smith
and Riseborough, 1996, Juliussen and Humlum, 2007, Riseborough, 2007). These models are
applied predominantly to Arctic regions and often referred to as ”equilibrium models”
(Riseborough et al., 2008) because they approximate equilibrium permafrost conditions
for a given annual regime.
Numerical models that account for transient effects accommodate variable materials,
geometries and boundary conditions (Riseborough et al., 2008) and often use gridded data
of meteorological parameters, as well as spatial information of surface and subsurface
conditions as input variables. The meteorological data is provided either by existing
meteo stations or regional/global climate models (Sazonova et al., 2004, Nicolsky et al.,
2007, Stendel et al., 2007). One-dimensional numerical models have been applied to Arc-
tic regions to quantify active layer thickness and to assess the effect of climate change on
permafrost (Hinzman et al., 1998, Oelke et al., 2003, Zhang et al., 2006, Marchenko et al., 2008,
Burn and Zhang, 2009, Etzelmüller et al., 2011, Zhang et al., 2012). In mountainous areas,
such models have been used to predict ground temperatures (Gruber et al., 2004a, Far-
brot et al., 2007, Engelhardt et al., 2010, Hipp et al., 2012) in order to analyze the coupling
of the atmosphere and the ground, including snow cover effects (Luetschg et al., 2004,
Luetschg and Haeberli, 2005). Further the influences of meltwater infiltration (Scherler
et al., 2010) and of coarse blocky surface layers (Gruber and Hoelzle, 2008) were investi-
gated using numerical modeling approaches. Three-dimensional thermal models have
been applied to analyze transient temperature fields in the European Alps (Kohl et al.,
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2001, Gruber et al., 2004b, Noetzli, 2008, Noetzli and Gruber, 2009). The distributed hy-
drological model GEOtop (Rigon et al., 2006, Endrizzi, 2007) is a physically-based model
that simulates the coupled energy and water balance with phase change in the soil and
considers a multilayer physically-based snow-pack model. GEOtop has been designed
specifically for application in mountain regions and has been evaluated in the Swiss
Alps (Gubler et al., 2013).
For large scale permafrost mapping, numerical models are often not suitable because of
a) the large spatial heterogeneity of input variables that needs to be estimated for each
grid cell, b) unknown parameterization of surface and ground properties that influence
the modeling results significantly, c) challenging evaluation because of the amount of
input variables required, the complexity of processes addressed and the parameteriza-
tion used in the model (cf. Gubler et al., 2013), and d) limited computational power. New
methods that are currently developed try to address some of these problems by linking
Regional Climate Models (RCMs), topography, and sub-grid variability to efficiently
apply physically-based land surface models (Fiddes and Gruber, 2012).
2.5 Permafrost in the European Alps
Different monitoring programs exist in the European Alps. Since the early 1990s, per-
mafrost related observations and measurements in Switzerland are compiled in the
Swiss Permafrost Monitoring Network (PERMOS, www.permos.ch). The observed par-
ameters were chosen according the ”Priorities for the Global Geocryological Database”
(Vonder Mühll et al., 2008, Sect. 2.3). The aim of PERMOS is the systematic long-term doc-
umentation of the current state and changes of mountain permafrost in the Swiss Alps.
A similar monitoring network was launched recently in France (Permafrance, 2010) and
other monitoring programs exist for single mountain regions (e.g., Corvatsch, Switzer-
land (Hoelzle et al., 2002, Gubler et al., 2011, Schmid et al., 2012); Jungfraujoch and Matter-
horn, Switzerland (Hasler et al., 2008, 2011a,b, 2012, Girard et al., 2012); Hoher Sonnblick,
Austria (Schöner et al., 2012)). Currently, no systematic collection of permafrost evidence
exists that compiles regional and national observations in an Alpine-wide inventory.
This would be important to compare permafrost characteristics within different regions
and would allow permafrost analyses that span larger environmental gradients than
possible with regional permafrost inventories.
The permafrost distribution in the European Alps is analyzed in several studies (Hae-
berli, 1975, Keller, 1992, Imhof , 1996, Frauenfelder et al., 1998, Lambiel and Reynard, 2001,
Guglielmin et al., 2003, BAFU, 2005, Nyenhuis et al., 2005, Ebohon and Schrott, 2008, Per-
mafrance, 2010). Currently, a uniform modeling approach for the Entire Alps is miss-
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ing and the existing permafrost distribution models cannot easily be compiled into an
Alpine-wide permafrost map, because the relevant studies are a) regionally calibrated,
b) rely on differing methods, and c) exclude parts of the European Alps. The following
rough estimates of permafrost area1 are available for single Alpine countries: Switz-
erland: 2000 km2 (Keller et al., 1998), Austria: 1600 km2 (Ebohon and Schrott, 2008), and
France: 1200 km2 (Permafrance, 2010). The permafrost thickness ranges from a few me-
ters to one hundred meters and more (Haeberli, 1975, Lüthi and Funk, 2001, PERMOS,
2010). Ground temperatures measured in boreholes in the Alps are in the range of -3 to
0 ◦C (Harris et al., 2003, PERMOS, 2010) and the thickness of the active layer is around
0.5 to 8 m (PERMOS, 2010).
As a simple approximation, permafrost can be expected in vegetation-free areas above
about 2500 m in the European Alps (Haeberli, 1975, Hoelzle et al., 1993). According to
the ”rules of thumb”(Haeberli, 1975, Sect 2.4.1), permafrost in the Swiss Alps is possible
above 2400 m in steep, north-exposed slopes and above 3000 m in steep, south-exposed
slopes, respectively. For locations at the base of a slope, where long-lasting snow re-
duces the warming of the ground in summer, permafrost is possible around 2100 m
(Haeberli, 1975). Due to fast glacier retreat, dead-ice in recently deglaciated glacier fore-
fields show potential for permafrost occurrence in the European Alps (Kneisel, 1998,
Kääb and Kneisel, 2006, Kneisel and Kääb, 2007). In such areas, permafrost is expected
to occur in isolated patches. Subglacial permafrost is less relevant in the Alps because
only few cold-based glaciers exist that would be conducive to permafrost occurrence at
their bed (Haeberli, 1976, Lüthi and Funk, 2001). Additionally to typical permafrost loca-
tions, extra zonal permafrost exists in Europe (e.g., Christian, 1987, Kneisel et al., 2000b,
Luetscher et al., 2005, Morard et al., 2008, PERMOS, 2010).
The ice content of permafrost in the European Alps is largely unknown and so is the
relevance of permafrost for water storage. Studies exist in the Alps that analyze the ice
content of individual rock glaciers (Haeberli, 1985, Vonder Mühll and Holub, 1992, Evin
and Fabre, 1990, Burger et al., 1999, Arenson et al., 2002, Hausmann et al., 2007), talus slopes
(Hauck and Kneisel, 2008, Scapozza et al., 2011), and moraines (Keusen and Haeberli, 1983,
Hauck et al., 2003, Lambiel and Baron, 2008). At two catchments in the central European
Alps, high nickel concentrations (exceeding the limit for nickel in drinking water) were
attributed to meltwaters from active rock glaciers (Thies et al., 2007). These high nickel
concentrations could not be related to catchment geology and the authors conclude that
high mountain runoff could become increasingly impacted by meltwaters from active
1Next to the term "permafrost area", the term "permafrost extent" is often used and defines estimates in
percent area (King , 1986, Brown et al., 1997, Lawrence and Slater , 2005, Zhang et al., 2008a, Bonnaventure
and Lewkowicz , 2011): continuous permafrost: 90–100%, discontinuous permafrost: 50–90%, sporadic
permafrost: 10–50%, isolated patches: 0–10%.
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rock glaciers. Similar results were found in a study of an alpine watershed in Colorado
(USA), where the observed concentration increases of acidic metal-rich water were at-
tributed to melting of permafrost and dropping water tables (Todd et al., 2012).
2.6 Needs
Based on previous sections in this chapter, needs that arise from the current state of
research and are addressed in this thesis are formulated (the sections to which the needs
mainly refer to are given in brackets):
- In the European Alps, a uniform Alpine-wide inventory of permafrost evidence
is needed in order to a) analyze permafrost characteristics for an entire mountain
range, which allows for the inclusion of larger environmental gradients in per-
mafrost analyses than possible with local data sets, and b) develop an Alpine-
permafrost distribution model, which requires calibration and evaluation data
that spans the environmental gradients of the study area. The compilation of such
an Alpine-wide inventory inevitably requires an improved collaboration between
different research institutions and companies in the European Alps. (Sect. 2.5)
- In permafrost distribution modeling, three considerations which are only partly
addressed in existing studies, require further attention: A) Surface characteristics
influence ground temperatures significantly. It is therefore essential to account for
that in permafrost distribution modeling by distinguishing the most important
surface types. B) The prediction of a permafrost distribution model is spatially
restricted to the morphological setting it is calibrated for. Because calibration data
is rare and restricted to limited settings, spatial extrapolation of model prediction
is an integral part of permafrost distribution modeling, and has to be addressed
and discussed in a modeling study accordingly. C) Different types of permafrost
observation are related to a specific spatial scale, for which the specific observation
method is representative. Thus, scaling issues have to be considered when comb-
ing different data and models that rely on different evidence types. (Sect. 2.4.1)
- A consistent Alpine permafrost distribution model and a derived permafrost dis-
tribution map are needed in order to make permafrost analyses comparable and
compatible between regions, and to derive and describe regional patterns. Uncer-
tainties and assumptions included in the modeling approach should be accounted
for in the final permafrost distribution map in order to make these more transpar-
ent. (Sect. 2.5)
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- Climate change that comes together with different precipitation and runoff pat-
terns highlights the importance of analyzing the hydrological significance of per-
mafrost in the European Alps. Because existing studies are lacking in the Euro-
pean Alps, first the total content of permafrost ice and the related sensitivities of
such an estimate need to be addressed. (Sect. 2.5)
3
Methods
3.1 Compilation of Alpine-permafrost evidence
The compilation of the Alpine permafrost inventory is described in Publication I (Cre-
monese et al., 2011) in Part II of this thesis. The main aim of this inventory is to collect
information on permafrost in order to compile an Alpine-wide permafrost evidence in-
ventory, which serves as a comprehensive data set for permafrost analyses, including
model calibration and evaluation.
The establishment of a permafrost evidence inventory requires a design and data struc-
ture that allows for efficient acquisition and provision of different permafrost related in-
formation. This includes a strategy to homogenize different data in terms of terminolo-
gies and spatial reference. For the Alpine permafrost inventory, the following relevant
types of evidence are considered: borehole temperature, ground surface temperature,
rock fall scar, trench or construction site, surface movement, geophysical prospecting,
other indirect evidence and rock glaciers. For all permafrost observations, the informa-
tion of presence or absence of permafrost is essential to characterize the spatial distri-
bution of permafrost. To assess the quality of this binary information, corresponding
certainty levels are used that allow a subjective quality assessment. This helps to ex-
clude evidence with low certainty from a given analyses.
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The temperature-based measurements are summarized using annual means. Here, the
time period used for averaging is required in order to obtain a temporal reference (Ta-
ble 3.1). Additionally, for each evidence location, spatial information such as slope an-
gle, aspect angle, surface characteristics and vegetation coverage is given, because this
information can only be derived with limited accuracy from digital datasets such as
DEMs or satellite images.
Table 3.1: Relevant information of temperature-based evidence information shown at the
example of borehole temperature (more details are given in Publication I).
keyword description
name established local borehole name
depth maximum depth of the borehole (m)
ALT mean of maximum annual active layer thickness (m)
ALT years years used for the calculation of average active layer depth
MAGT min minimum mean annual temperature in the borehole (◦C)
MAGT min depth depth of the sensor corresponding to the MAGT min (m)
MAGT period years used for the averaging to obtain the MAGT min
MAGT accuracy accuracy of the temperature sensors (◦C)
GST mean annual ground surface temperature (◦C) at this location
comments any additional information
Next to point evidence, polygon information of rock glacier occurrence and related sta-
tus information is useful in the scope of estimating permafrost distribution (Sect. 2.3).
For the status information, different terminologies are common in Europe (intact, relict,
active, inactive or fossil), which need to be homogenized.
Each country (or region) uses its own spatial reference system and the coordinates of
the point locations and the polygon data of the rock glaciers are stored in local projec-
tions. This requires the definition of a common uniform spatial coordinate system. Here,
geographic coordinates using the geodetic datum WGS1984 are used, as this is a com-
mon coordinate system and related transformation methods are available for most local
projections. The evaluation of the spatial information is important because a) errors
introduced in the data entry process cannot be excluded, and b) the coordinate trans-
formation methods that were applied need to be assessed. For this, a simple approach
using the open source visualization possibilities within Google Earth is performed (Fig.
3.1).
The collection of permafrost data was performed by four ”calls for evidence”, where the
most important research institutes and companies that focus on permafrost research in
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DATA PROVIDER
correct
incorrect
INVENTORY MANAGER
transformation /
reprojection
evidence from observer
(local spatial reference, 
e.g. CH1903+ for Switzerland)
evidence from observer
(uniform spatial reference, 
e.g. UTM32N for the Alps)
visualization in
e.g. GoogleEarth
integration in 
inventory
check transformation 
method or local coordinates
manual checking 
of location
Figure 3.1: Evaluation process of the spatial information of point evidence in order to avoid
errors in spatial positioning introduced during data entry or coordinate transformation (see
Publication I for more details).
the European Alps were contacted via email accompanied by a spreadsheet and detailed
instructions.
3.2 Permafrost distribution modeling at the regional scale
The methods to build a statistical permafrost distribution model on for the European
Alps are described in Publication II (Boeckli et al., 2012a) in Part II of this thesis. Publica-
tion III (Boeckli et al., 2012b) describes the required steps from a permafrost distribution
model to a spatially continuous estimate of permafrost occurrence and the compila-
tion of the Alpine Permafrost Index Map (APIM). The overall approach is illustrated
in Fig. 3.2 and includes a) the distinction of different surface types that are separately
addressed using two sub-models, b) the combination of the sub-models that are based
on different type of calibration data (continuous vs. binary), c) the extrapolation of the
predicted permafrost distribution to areas where no calibration data is available, and d)
the development of a map-based product accompanied by a suitable legend and inter-
pretation guidelines.
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Figure 3.2: Schematic illustration of the entire modeling approach that results in a spatially
continuous estimate of permafrost distribution and a corresponding permafrost map.
3.2.1 Distinction of different surface types and related sub-models
for the European Alps
In permafrost distribution modeling, it is essential to distinguish between different sur-
face types, as they influence the underlying thermal regime significantly (Sect 2.2).
Based on the data compiled in the Alpine permafrost evidence inventory the following
two statistical sub-models were developed:
a) The rock model is based on mean annual rock surface temperature (MARST) in
near-vertical bedrock. This sub-model is chosen because the linkage of near-vertical
bedrock and the atmosphere is relatively straightforward, which makes permafrost
in steep bedrock a system that is simple enough for attempting an extrapolation
of findings to environments not measured (Gruber, 2012b).
b) The debris model is calibrated using status information of rock glaciers (intact vs.
relict). The amount of available rock glaciers polygons and the good spatial cov-
erage of this information in the European Alps make them a unique data source
for model calibration.
The other evidence types compiled in the Alpine permafrost evidence inventory could
not be used for model calibration because a) they are not sufficient in number to allow
consistent statistical analyses, b) the integration and homogenization of heterogeneous
permafrost observations is challenging and based on subjective assumptions, which re-
sults in a reduced confidence in the data, and c) the remaining observations are strongly
biased towards permafrost existence.
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The rock model is based on temperature measurements of 57 sensors located in steep
bedrock (Fig. 3.3) at 0.1–0.5 m depth (cf. Gruber et al., 2003) and uses a linear regression
to predict MARST. MARST values corresponding to single or a few years duration were
adjusted to longer-term temperature trends following the approach described by Allen
et al. (2009). The lateral variability of MARST is mainly controlled by short-wave radi-
ation (Gruber et al., 2004a, Allen et al., 2009). The resolution of Alpine-wide DEMs is too
coarse to reproduce this variability and the usage of locally measured terrain variables
is preferred instead. PISR was therefore calculated following Corripio (2003) based on lo-
cal measurements of elevation, slope angle and aspect angle. For most of the locations
local horizons affecting the obstruction of solar incoming radiation were determined
using a camera with a fish eye lens (cf. Gruber et al., 2003) and considered in the PISR
calculations. To apply the rock model to the entire Alps using a DEM with a coarse grid
resolution, scaling issues have to be considered (details are given in Publication II).
The debris model uses status information of rock glaciers for the calibration and pre-
dicts the probability of a rock glacier to be intact as opposed to relict. As reviewed in
Sect. 2.4.1, generalized linear models (GLMs) are often used in permafrost distribution
mapping when binary calibration data is available. In the context of the debris model,
an extension of GLM is required that accounts for random inventory effects. Such ran-
dom effects may be related to different observation techniques and interpretation crite-
ria being applied in the compilation of inventories by different research groups, which
may result in an inventory-specific bias. The generalized linear mixed model (GLMM,
Venables and Ripley, 2002) is able to account for such random effects and is therefore
applied here.
3.2.2 Combination of statistical sub-models that base on different
calibration data types (continuous vs. binary)
Linear and logistic regressions are common statistical methods in permafrost distribu-
tion modeling (Sect. 2.4.1). In order to combine these two approaches, a uniform frame-
work is required that allows for integration of probabilities derived from a linear regres-
sion with probabilities derived from a binary regression model. The framework uses a
GLM (or GLMM) with a probit link function (Hosmer and Lemeshow, 2000, Gelman and
Hill, 2007) instead of a logistic link function, which is more commonly used. While both
are nearly identical (Aldrich and Nelson, 1984, Gelman and Hill, 2007), a probit link func-
tion is preferred because of its relation to the cumulative normal distribution function
(Aldrich and Nelson, 1984, Gelman and Hill, 2007). The probability of permafrost presence
is modeled linearly not at the logit scale but at the probit scale, which is obtained from
an inverse cumulative distribution function of the standard normal distribution:
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Figure 3.3: Typical location of a sensor measuring near rock surface temperatures shown at
the example at Hochkalter, Baverian Alps, Germany (photograph by M. Rieckh).
probit(p) = Φ−1(p). (3.1)
Φ is the cumulative standard normal distribution function and p the probability of per-
mafrost. Thus, the probit model can be written as
probit(p) = α +
k∑
i=1
βixi, (3.2)
where xi and βi are the model’s k explanatory variables and their coefficients, and α
represents the intercept term. With a linear regression, commonly mean annual ground
surface temperature MAGST (or any kind of continuous proxy variable) is addressed
in permafrost distribution models:
MAGST = α +
k∑
i=1
βixi. (3.3)
The probability of permafrost occurrence at a given location can be expressed by the
probability of MAGST being ≤ 0◦C (neglecting the annual variability of MAGST ). p is
then given as
Methods 25
p = Φ(−MAGST/σ), (3.4)
The negative sign is due to the fact that we are interested in the probability of negative
rather than positive temperatures. σ is the prediction standard deviation of the linear
regression model. From Eqs. (3.1), (3.2) and (3.4) it becomes evident that a linear regres-
sion of MAGST is equivalent to a probit regression of p:
−MAGST/σ = α +
k∑
i=1
βixi (3.5)
Eq. (3.5) allows for conversion of temperature based probabilities into probit-based
probabilities and vise versa. In this study, a spatially varying degree of membership
of land cover class (m, with values between 0 and 1 that sum up to 1 at each location)
was used to combine the two sub-models. The integrated model is then (subscripts
indicate: debris d, bedrock r):
probit(pd, pr;md,mr) = mdprobit(pd) +mrprobit(pr), (3.6)
which accounts for generalization to more than two land cover classes. Probabilities of
permafrost occurrence can be obtained from this integrated probit value by applying
the inverse probit transformation.
To assess the goodness-of-fit for linear regressions, the R2 and the root mean square
error (RMSE) are used in this thesis. The discrimination of a binary prediction (e.g.,
permafrost presence versus absence) can be measured by the area under the receiver-
operating characteristics curve (AUROC, Mason and Graham, 2002). It ranges from 0.5
(random discrimination) to 1 (perfect discrimination), where according to Hosmer and
Lemeshow (2000):
0.7≤ AUROC≤ 0.8 is an acceptable discrimination
0.8≤ AUROC≤ 0.9 is an excellent discrimination
AUROC ≥ 0.9 is an outstanding discrimination
A 10-fold cross-validation is performed to assess how transferrable to independent test
dat sets the models are (Hand, 1997). Here, the original data set is randomly partitioned
into 10 sub-samples. Of these 10 sub-samples, a single sub-sample is retained for testing
the model, and the remaining 9 sub-samples are used as training data. This process is
repeated 10 times using each of the 10 sub-samples exactly once as the validation data.
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3.2.3 Extrapolation to other settings
One main challenge regarding permafrost distribution modeling is that evidence is
sparse and their sampling in respect to surface characteristics, unbalanced. Therefore,
extrapolation is a distinct part of permafrost distribution modeling. As described in
Sect. 3.2.1, our permafrost modeling approach consists of two individual sub-models
that are both restricted to a specific spatial domain. The rock model is only intended for
use in steep homogenous bedrock, whereas the debris model is restricted to areas with
rock glacier occurrence. To provide a spatially continuous map of permafrost distribu-
tion we need to infer permafrost conditions in other surface domains. This is addressed
by introducing offset terms in the modeling approach (Fig. 3.2).
The rock model was calibrated with measurements in homogenous near-vertical bedrock.
The model quantifies the effect of topography on MARST and does not account for dif-
fering surface and near-surface characteristics. In general, this results in an overestima-
tion of MARST, as temperatures at greater depth are likely to be lower due to effects of
snow, debris and fractures in bedrock (Gruber and Haeberli, 2007). To account for this,
a temperature-based offset is included in the rock model (∆R), which is implemented
as a linear function of PISR and mainly based on investigations by (Hasler et al., 2011b),
details are given in Publication III:
∆R = Omin + PISR
Omax −Omin
350W m−2
, (3.7)
where Omin is the minimal and Omax is the maximal temperature offset for pixels where
PISR = 350 W m−2. Based on the investigations by Hasler et al. (2011b), Omin was set to
−0.5 ◦C and Omax = −2.5 ◦C. Spatial variation of ∆R is not considered.
The debris model predicts the probability of a rock glacier to be intact as opposed to relict
and provides an optimistic estimate (biased towards an overestimation) of permafrost
in debris surfaces because of two main rock glacier characteristics: a) cooling effect of
coarse blocks (Sect. 2.2), and b) rock glacier movement towards lower elevations (e.g.,
Barsch, 1978). Consequently, it is desirable to find relationships to infer conditions below
surfaces other than rock glaciers. Both sources of bias are considered in this study by
assuming average, constant temperature offsets that account for the related processes
(details are given in Publication III) and allow for predicting the occurrence of permafrost
probability for debris cover.
In order to apply the two models (debris and rock) as illustrated in Fig. 3.2 and to ad-
dress the offset terms (Sect. 3.2.3), surface cover information is required. Here, steep
bedrock and debris cover are distinguished based on slope angle using an index, which
describes the degree of membership in the steep bedrock surface class (Eq. (1) in Pub-
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lication III). The models could then be integrated using Eq. (3.6). Vegetation cover is
derived using Landsat Thematic Mapper images and the soil-adjusted vegetation index
(SAVI, Huete, 1988). Glacier outlines were provided by Paul et al. (2011) and represent
glacier extent in the year 2003.
3.2.4 Compilation of a permafrost distribution map
Permafrost distribution maps are often based on discrete classifications schemata (cf.
Heginbottom, 2002) or probabilities of permafrost occurrence (e.g., Lewkowicz and Ed-
nie, 2004). In this thesis, we use permafrost index values instead of probabilities because
the later do not communicate the uncertainties and assumptions that are integrated
in our final map-based product. This index represents an indicator of the probability
for permafrost occurrence per grid cell e.g., 25 m x 25 m). The map user can further
refine the estimate on the map with an interpretation key to the map and enhanced
local knowledge of terrain and surface cover information. Such information includes
local characteristics that influence permafrost occurrence but could not be addressed in
the modeling approach. This local information can be obtained by the interpretation
of high-resolution air imagery, detailed topographical or geomorphological maps and
field visits. Selected pictures that explain the most important local modifying effects are
used in the interpretation key to keep this process straightforward and user-friendly.
3.3 Estimation of permafrost ice content at the regional
scale
The methods to estimate the permafrost ice-content for the entire Alps are described in
Publication IV (Boeckli et al., submitted) in detail in Part II of this thesis.
In general, the permafrost ice content (ICE) of a homogenous spatial unit can be defined
as:
ICE = A(Zp − ZALD)IC , (3.8)
where A is the planimetric area (m2), ZP the depth of the permafrost base (m), ZALD the
active layer depth (m) and IC the volumetric ice content of the ground (m3/m3). The
latter three variables are characterized by a large spatial heterogeneity and related field
evidence is sparse compared to the large study area. This requires a simple but robust
modeling approach that comes along with few input variables and allows for definition
of the lower and upper bounds for each variable, in order to analyze the corresponding
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sensitivities of these spatially distributed variables. For that, we distinguish between
different surface types, respectively ground types, as they differ significantly in poten-
tial ice storage. For each surface type an assumed average depth profile is defined in-
cluding the most important geophysical properties (e.g., thermal conductivity, porosity,
relative saturation). Based on mean annual ground surface temperatures, permafrost
depth and the thickness of the active layer can be estimated using analytical solutions
of the heat conduction equation. In this thesis, we distinguish between coarse debris
and steep bedrock, which both are mapped using slope angle thresholds and satellite
imagery. Intact rock glaciers are treated separately and their density is estimated using
rock glacier inventories. For steep bedrock, ground surface temperatures are calculated
based on the rock model introduced in Sect. 3.2.1, and for fine debris cover constant
differences of MAGST and MAAT are used to spatially predict MAGST. Based on that,
Eqs. (2.1) and (2.2) are applied to calculate permafrost depth and active layer thickness
by assuming a two-layered ground profile (Fig. 3.4). The upper layer was considered to
be fractured bedrock or debris cover, while the lower layer is considered as unfractured
bedrock for both profiles.
Z
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0 °CMAGST
permafrost base (ZP)
active layer depth (ZALD)
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layer A (fractured bedrock /debris)
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Figure 3.4: Schematic permafrost profile based on MAGST and a two-layered ground. In
each layer (A and B), the temperature gradient (GG) is assumed to be constant (from Boeckli
et al., submitted).
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The ground properties for unfractured bedrock were defined according to published
values (cf. Cermak and Rybach, 2012). To calculate the thermal conductivity for fractured
bedrock and debris, the approach of de Vries (1963) as suggested by Zhang et al. (2008b)
was adopted. Here, the porosity and the relative saturation are required that are defined
based on the literature. For intact rock glaciers, permafrost depth and volumetric ice
content were assumed to be constant, irrespective of ground surface temperature and
estimated based on published values.
The consideration of the uncertainties that come along with such an estimation is im-
portant because the spatial extrapolation of surface and ground conditions is applied
over large areas. Therefore, a sensitivity analysis is performed for all involved param-
eters individually (one-at-a-time sensitivity) by using lower respective upper bounds
that were defined for each parameter.
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Results
4.1 Alpine permafrost evidence inventory
The results of the Alpine permafrost inventory are described in Publication I (Cremonese
et al., 2011) in Part II of this thesis. The inventory was compiled within the framework
of the project PermaNET (part of the European Territorial Cooperation in the scope of
the Alpine Space Program, http://www.alpine-space.eu). In total, 18 different data
contributors were involved, permafrost evidence of 408 points was collected and poly-
gon information of 4795 rock glaciers was compiled (Fig. 4.1). The inventory extends
from 44.29 to 47.47 ◦N and from 5.91 to 14.88 ◦E covering all Alpine countries except
Monaco, Liechtenstein and Slovenia. Ground surface temperature, borehole tempera-
ture and geophysical prospecting are the most common types of point evidence. Most of
the points are located in Switzerland, France and Italy. The elevation of the permafrost
evidence ranges from 1000 m in a cold talus slope in central Austria (Toteisboden) to
4120 m for a ground surface measurement location in the Mont Blanc Massif (Grandes
Jorasses, France). Most of the points have slope angles in the range 10–45 ◦C and are
located in coarse debris (44 %). Evidence of the absence of permafrost is also relevant:
whilst 75 % of the rock glaciers presented in the inventory are relict forms, only 23 % of
the point types of evidence indicate the absence of permafrost.
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Fig. 1. Map of the permafrost evidence acquired in the Alps. The dots represent point permafrost evidence. The colors of dots represent the
classes of last observation dates confirming permafrost state (before 1990, between 1900 and 2000, after 2000). The size of the dots indicates
3 classes (<3 yr, 3–8 yr, >8 yr) representing the length of observations/measured data associated with each evidence. Orange polygons
represent rock glacier inventories.
Fig. 2. (a) Relative amounts of point evidence types (borehole (BH), geophysical prospecting (GP), ground surface temperature (GST),
other indirect evidence (OIE), rock fall scar (SC), surface movement (SM), trench or construction site (TR)) in the entire inventory and
(b) by country. Bar width represents the relative abundance of evidence in each country: A–24%, CH–29%, D–0.5%, F–28%, I–17%; for
graphical reasons, Germany bar width has been increased (tripled).
GST, BH and GP are the most common types of point evi-
dence. Most of the points are located in Switzerland, France
and Italy (Fig. 2). The elevation of the permafrost evidence
ranges from 1000m a.s.l. in a cold talus slope in central Aus-
tria (Toteisboden) to 4120m a.s.l. for a GST point in the
Mont Blanc Massif (Grandes Jorasses); however, the ma-
jority (>60%) are situated between 2500 and 3000m a.s.l.
(Fig. 3). Most of the points have slope angles in the range
10–45°. GST and SC also exist in near-vertical conditions
and even some BH (Zugspitze (D), Aiguille du Midi (F),
Gemsstock (CH), Grawand (IT)) are located in steep rock
faces. GP, TR and SM mostly occur on gently inclined
slopes. The distribution of slope aspects is slightly biased
towards the North (36%) and West (24%) with fewer points
(20% each) in the South and East. The majority (85%) of
points have no or only sparse vegetation cover and few have
partial or complete coverage (15%, mostly of type TR). Most
(44%) of the evidence are located in coarse debris, the others
are in bedrock (33%) and in fine material (23%). Evidently,
types such as SC and TR are biased towards a certain surface
type. About 20% of BH and GST are situated on plateaus
or ridges, while 10–15% of TR are located in depressions.
www.the-cryosphere.net/5/651/2011/ The Cryosphere, 5, 651–657, 2011
Figur 4.1: Map of the p rmafrost evidence compiled f r th Alps (from Cremonese et al.,
2011). The dots represent point permafrost evidence. The colors of dots represent the classes of
last observation dates confirming permafrost state (before 1990, between 1900 and 2000, after
2000). The size of the dots indicates 3 classes (≤3 years, 3–8 years, ≥8 years) representing
the length of observations/measured data associated with each evidence. Orange polygons
represent rock glacier inventories.
4.2 Permafrost distribution in the European Alps
The results of the Alpine permafrost distribution map and the underlying modeling
approach are described in detail in Publication II (Boeckli et al., 2012a) and Publication III
(Boeckli et al., 2012b) in Part II of this thesis.
4.2.1 Statistical sub-models
For both sub-models (debris and rock model) the following potential explanatory vari-
ables were investigated: mean annual air temperature (MAAT), potential incoming so-
lar radiation (PISR), mean annual sum of precipitation (PRECIP) and a seasonal precipi-
tation index (SEASONAL). Alpine-wide MAAT data (Hiebl et al., 2009) and Alpine-wide
monthly p cipitation d ta (Efthymiadis et al., 2006) are available for the climate standard
period 1961–1990. MAAT is based on the GTOPO30 elevation model (U.S. Geological
Survey, 1997) with an approximate grid resolution of 1000 m. A constant lapse rate
of 0.0065 ◦C m−1 (International Organization for Standardization, 1975) was used to inter-
p lat the coarse MAAT based o more precise elevation information form the Globa
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Digital Elevation Model (ASTER G-DEM, Hayakawa et al., 2008). The ASTER G-DEM
shows a grid spacing of 1 arc-second (approximately 30 m) and an overall vertical ac-
curacy on a global basis of approximately 20 m at 95 % confidence (USGS et al., 2009).
The precipitation data is gridded at 10 arc-minute resolution (approximately 15 km).
The index SEASONAL is derived by dividing the mean sum of summer precipitation
(May–October) by the mean sum of winter precipitation (November–April). PISR was
derived from the ASTER G-DEM and calculated for one year with an hourly temporal
resolution and clear sky conditions (100 % atmospheric transmittance).
The debris model (Sect. 3.2.1) is based on status information of 3580 rock glaciers. While
MAAT and PISR show a clear relation to the activity status of rock glaciers, the correla-
tion to precipitation is less obvious in a univariate analysis (Fig. 4.2). Nevertheless, pre-
cipitation was included in the final model based on the high significance of the Wald test
(Table 4.1). The seasonal precipitation index shows no significant contribution within
the debris model and was therefore not considered. The debris model achieves an AU-
ROC of 0.91, which is considered as an outstanding discrimination (Sect. 3.2.2).
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Figure 4.2: Frequencies of intact as opposed to relict rock glaciers conditional on the ex-
planatory variables MAAT, PISR and PRECIP (from Boeckli et al., 2012a). Bar widths in
these spinogramms are proportional to the empirical frequency of the given interval of values
of explanatory variable.
The rock model (Sect. 3.2.1) is based on MARST measured at 57 locations in steep
bedrock. For all locations, MARST is higher than MAAT (mean difference = 4.6 ◦C)
and the difference of MARST and MAAT increases with higher PISR (Fig. 4.3). PRECIP
and SEASONAL were omitted from the final model (Table 4.1), because theses variables
show no high significance. The model results in an R2=0.82 and a root mean square er-
ror RMSE=1.57 ◦C.
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Figure 4.3: Scatterplots illustrating the relation of MARST to MAAT (left) and of the differ-
ence between MARST and MAAT to PISR (right, from Boeckli et al., 2012b). The red line in
the left plot represents MAAT=MARST.
Table 4.1: Model coefficients (and standard errors in parentheses) for the final debris and rock
model. The coefficients can not be compared directly between the models because the debris
model is based on a generalized linear mixed model (GLMM) and the rock model on a linear
regression. (PRECIP was centered (cPRECIP) by subtracting its mean value of 1271mm.)
debris model rock model
intercept 0.817 (0.192)∗∗∗ 1.677 (0.573) ∗∗∗
MAAT (◦C) −0.906 (0.046)∗∗∗ 1.096 (0.081) ∗∗∗
PISR (Wm−2) −0.007 (0.001)∗∗∗ 0.019 (0.002) ∗∗∗
cPRECIP (mm) 0.001 (0.0002)∗∗∗ -
Significance of Wald test: ∗ < 0.05, ∗∗ < 0.01, ∗∗∗ < 0.001
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4.2.2 Permafrost map, legend and interpretation key
The Alpine Permafrost Index Map (APIM, an example of Rimpfischhorn is shown in
Fig. 4.4, top) should be used together with the provided legend and interpretation key.
The final map has a grid resolution of approximately 30 m and covers the entire Euro-
pean Alps. The map is freely available as KML-overlay for Google Earth or as Web Map
Service (WMS) to embed in a standard GIS software1. For individual regions the APIM
is also available in a higher spatial resolution (Bavaria, Germany; Trentino, Italy; South
Tyrol, Italy; Valle da Aosta, Italy, Veneto, Italy; and entire Switzerland). An additional
map (Fig. 4.4, bottom) that shows the surface types was produced for the application
of the model and is necessary in order to comprehend the index value in the map. The
legend shows a continuous color gradient from ”permafrost in only very favorable con-
ditions” (yellow) to ”permafrost in nearly all conditions” (dark violet, Fig. 4.5). The
term ”permafrost in only very favorable conditions” refers to a situation (topography
and ground characteristics) that locally modifies favorably conditions for permafrost
presence, while the term ”permafrost in nearly all conditions” indicates that the proba-
bility of permafrost occurrence is very high irrespective of local modifying factors that
are addressed by the interpretation key.
Many processes that influence the permafrost distribution locally are not addressed in
the modeling approach, e.g., snow transport by avalanches or wind drift (Sect. 2.2).
The aim of the interpretation key is to provide a user-friendly scheme that allows for
refinement of the permafrost distribution estimate in the APIM, based on local surface
or terrain information. The most important modifying processes are discussed in Sect. 2,
visualized in Fig. 4.6 and summarized below:
A A cover of coarse blocks with open voids and no infill of fine material indicates
favorable conditions for permafrost due to their effective cooling system.
B Fine-grained soil or soil with coarse blocks but infill of fine material indicates less
favorable conditions for permafrost compared to coarse blocks.
C A dense vegetation cover usually indicates the absence of permafrost.
D An intact rock glacier is a reliable visual indicator for permafrost within its creep-
ing mass, but does not allow for direct conclusions on adjacent areas.
E Often, the foot of a talus slope shows favorable conditions for permafrost because
most talus slopes show a progressive increase in grain size downslope and long
lasting snow depositions are predominantly located at the foot of a slope.
F The top of a slope often contains smaller clasts as well as an infill of fine material
resulting in less favorable conditions for permafrost.
1Data is available at http://doi.pangaea.de/10.1594/PANGAEA.784450 or at http://www.geo.uzh.
ch/microsite/cryodata/PFmapexplanation.html)
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Figure 4.4: Alpine Permafrost Index Map (APIM, top) and surface cover map (bottom) shown
for the area surrounding the Rimpfischhorn (4199 m, red triangle) and the Allalinhorn (4027 m,
yellow triangle) in Switzerland (from Boeckli et al., 2012b).
Blue: 
Purple: 
Yellow:
Glacier 
Permafrost in nearly 
all conditions
Permafrost mostly in 
cold conditions
Permafrost only in very 
favorable conditions
Figure 4.5: Legend to the Alpine Permafrost Index Map (APIM) showing a qualitative index
that describes how likely permafrost exists (from Boeckli et al., 2012b).
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G Strongly fractured rock with depositions of snow and debris indicates locally colder
conditions.
H Near-vertical, largely unfractured and mostly snow-free bedrock is indicative of
relatively warm ground conditions, especially for sun-exposed locations.
Figure 4.6: Pictures that are part of the interpretation key and help the map user to identified
the most import processes that modify the shown estimate on the map locally.
4.2.3 Model evaluation and summary statistics
The performance of the APIM in rock glacier areas can be assessed using rock glaciers
that were not used for model calibration. The discrimination of rock glaciers status
(N=2798) based on predicted permafrost index values results in an AUROC of 0.78.
This is an acceptable value according to Hosmer and Lemeshow (2000). For other surface
types the evaluation is currently not possible even if a lot of data is available and large
efforts are being made in developing adequate strategies. This is mainly because of
the large spatial heterogeneity of mountain permafrost and related environmental vari-
ables, which leads to high requirements in sampling design of test data and strategies to
relate coarse grid resolution to permafrost measurements representing sub-gird charact-
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eristics. These difficulties in validating permafrost distribution models are an important
insight, because it limits the confidence of permafrost distribution maps significantly.
Table 4.2: Estimated permafrost index areas (km2) for the Alpine countries using different
index values, and comparison to glacier area (CH: Switzerland, IT: Italy, AT: Austria, FR:
France, DE: Germany, SLO: Slovenia, FL: Liechtenstein).
country index ≥ 0.1 index ≥ 0.5 index ≥ 0.9 glaciers
CH 3710 2163 754 1010
IT 3353 1786 569 441
AT 2907 1557 484 340
FR 1587 703 199 265
DE 44.1 7.6 0.8 0.6
SLO 25.7 3.6 0.1 0.0
FL 0.3 0.0 0.0 0.0
total 11 626 6220 2007 2056
The total area potentially influenced by permafrost in the European Alps ranges from
2000–12 000 km2, depending on the permafrost index area2 considered (Table 4.2). The
largest extent of permafrost is between 2600 and 3000 m, whereas the largest area of
glaciers is above 3000 m (Fig. 9 in Publication III). According to this analysis, Switzerland
is the country that contains the largest permafrost area. In Italy and Austria also large
permafrost areas exist. The analysis of the relative areas shows that above 2800–3700 m
(depending on the index values considered) permafrost is present in all area not being
covered by glacier (Fig 4.7). In the highest elevation bands, permafrost is restricted to
rock faces, crests or peaks.
4.3 Total permafrost ice content in the European Alps
The content of this chapter is presented in more detail in Publication IV (Boeckli et al.,
submitted). To reduce computational effort and to efficiently apply the sensitivity anal-
ysis, the results are calculated for aggregated ground surface temperature classes with
an interval of 2 ◦C. For each surface type (steep bedrock, debris cover, and intact rock
2The term ”permafrost index area” refers to the area having an index equal to or higher than a specific
threshold and is not equal to the term ”permafrost area” that would be defined as the surface actually
underlain by permafrost (cf. Zhang et al., 2000, Gruber , 2012a).
Results 39
0 20 40 60 80 100
20
00
25
00
30
00
35
00
40
00
45
00
relative area (%)
e
le
va
tio
n 
(m
)
index ≥ 0.1
index ≥ 0.5
index ≥ 0.9
glaciers
glaciers + index 
Figure 4.7: Altitudinal distribution of permafrost index area in relation to the relative area in
the Alps per elevation band (calculated for elevation bands of 50 m).
glacier) the total water equivalent TWE of permafrost ice content was calculated sep-
arately and the sensitivity analysis is performed for all parameters individual by using
lower respective upper bounds instead of best guess parameterization.
The planimetric area of steep bedrock in the European Alps is approximately 2984 km2
and the corresponding total water equivalent TWE of permafrost is estimated to be
1.7 km3. The largest contribution to the TWE originates from MAGST values between
-2 and 0 ◦C. The area covered by coarse debris, whether frozen or unfrozen, is much
larger (around 190 044 km2) and the related TWE is estimated to range from 17.2 to
21.4 km3. Again, the largest contribution to the TWE originates from MAGST values
between -2 and 0 ◦C. In this MAGST class, mean permafrost thickness is around 65 m
and the mean thickness of the active layer is estimated to range from 1.5–2.9 m. For
bedrock permafrost, the most sensitive parameters are the thermal conductivity and the
porosity of the lower layer, which is assumed to be unfractured bedrock (Fig. 3.4). For
debris permafrost the geophysical properties of the upper layer (coarse debris) show
larger sensitivities than the properties of the lower layer.
The total area of intact rock glaciers, that is derived based on eight existing rock glacier
inventories in the Alps is estimated to be 233 km2 and the derived TWE of intact rock
glacier is 4.86 km3.
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Summing up the three proportions (debris, steep bedrock and intact rock glaciers) re-
sults in a TWE of permafrost ice of 24–28 km3. The uncertainty of this estimate is large,
but cannot be quantified with the chosen approach where the individual parameters are
represented by extreme estimates in order to quantify the sensitivity of the individual
parameters.
5
Discussion
In the following sections of this chapter, the main findings of the previous chapters are
discussed in a broader context. More specific discussion to the single topics and detailed
modeling aspects can be found in the research papers in Part II.
5.1 Permafrost evidence inventory
The observation and measurement of permafrost and related processes in the field is im-
portant to increase knowledge about the spatial distribution of permafrost and to have a
basis for model calibration and evaluation. The compilation of regional observation and
monitoring programs in international frameworks allows for analyses that span larger
environmental gradients (e.g., analyze the influence of climatic regions and geological
settings on rock glacier occurrence), which provides new insights that are not possible
to obtain using local data sets only.
In high mountains, evidence and measurements have to be interpreted with care be-
cause of the high spatial heterogeneity in terrain, surface and subsurface characteristics.
Here, an appropriate sampling design is required in order to minimize problems typi-
cal of observational data in complex terrain (Brenning et al., 2005, Gubler et al., 2011). In
the Alpine permafrost evidence inventory such a sampling design is missing because
it represents a (arbitrary) collection of available permafrost data in the European Alps:
41
42
the spatial distribution in terms of terrain characteristics and surface cover is unbal-
anced and the collected evidence is strongly biased towards permafrost existence. The
total number of observations is small compared to the large area of the European Alps.
Additionally, the quality of the data is a major challenge when compiling data from dif-
ferent sources. The reason for that is the missing international standards and protocols
for permafrost observations, which lead to high efforts in data homogenization to pro-
vide interoperability. Here, well-managed metadata is important and would facilitate
the management of such spatial data infrastructures (e.g., Giles, 2011).
To improve the current Alpine permafrost inventory it is important to further strengthen
the coordination of permafrost observations in the European Alps. This requires a
stronger collaboration between research institutes and companies in order to develop
and implement a suitable sampling design of evidence for an entire mountain range.
The focus of new observations should not only lie on permafrost presence, but also
permafrost absence observations at high elevations are important to enhance the under-
standing of the spatial characteristics of permafrost. Additionally, more permafrost ob-
servations in complex terrain (e.g., Matsuoka, 2001a, Hasler et al., 2008), are needed to en-
hance the understanding of permafrost characteristics in terrain where highly-fractured
bedrock, debris cover, patchy snow-cover and strong lateral variability of radiation in-
teract with each other. A proper evaluation of the data included in the evidence in-
ventory is currently missing and needs to be addressed in the future with high priority
to enhance the confidence of this data set. Here, existing frameworks, which are devel-
oped to asses uncertainties in environmental data (e.g., Goodchild, 2004, Leung et al., 2004,
Brown and Heuvelink, 2007) could possibly be applied. To gain the largest benefit for
the permafrost community, permafrost observations and other geoscience related data
should be fully available for free. Examples which this thesis could benefit from are the
freely available ASTER G-DEM (Hayakawa et al., 2008), the Landsat imagery collection1,
or the rock glacier inventories provided in the framework of the 7th International Con-
ference on Permafrost in Yellowknife, Canada (Delaloye et al., 1998, Frauenfelder, 1998,
Hoelzle, 1998, Imhof , 1998, Reynard and Morand, 1998, Schoeneich et al., 1998).
5.2 Permafrost distribution modeling in high mountains
The permafrost distribution model that is developed in the framework of this thesis
is novel because a) it allows for integration of different sub-models that are calibrated
for different surface types, b) the extrapolation to locations where no calibration data is
available is accounted for by having the possibility to apply corresponding temperature
1Landsat scenes are provided by GLOVIS (http://glovis.usgs.gov).
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offsets, and c) scaling issues that are required when the model prediction is performed
for another grid resolution than the model was originally calibrated for (or sub-models
that rely on different spatial resolution) are considered. The presented framework is
flexible and enables the inclusion of additional sub-models to better account for differ-
ent surface types. For other mountain regions, such as the rocky mountains, a possible
extension would be to include a sub-model that deals with permafrost occurrence in
vegetated areas (cf. Kremer et al., 2011). The extrapolation to settings where no calibra-
tion data is available is a distinct part of all permafrost distribution models, but has
often not been considered adequately. Therefore, our modeling approach represents an
important step in permafrost mapping.
An important limitation of all permafrost distribution models is the sparse data for
model calibration and evaluation and their unbalanced sampling in respect to topog-
raphy and surface characteristics. The available data strongly limits the physical pro-
cesses and the governing factors that can be accounted for in a modeling approach.
Additionally, the level of detail (or scale of interest) of a study defines what level of gen-
eralization is appropriate. The Alpine permafrost distribution model is developed for a
large mountain area and is based on a few explanatory variables only. In the following
the most important sources of uncertainties of the model are discussed:
Calibration data. The two sub-models are based on rock glacier inventories and mean
annual rock surface temperature (MARST). It is important to highlight the difference
of these two calibration sources in terms of temporal characteristics: Most rock glaciers
are some centuries to several millennia old (e.g., Haeberli, 1985, Berthling and Etzelmüller,
2007) and thus reflect past climate conditions. Their response to current surface tem-
perature has been investigated in respect to creep behavior (e.g., Kääb et al., 2007, De-
laloye et al., 2008) and degradation of permafrost in rock glaciers is observed in some
studies (Ikeda and Matsuoka, 2002, Maurer and Hauck, 2007). However, the delayed re-
sponse of rock glaciers to atmospheric forcing and the question of how long intact rock
glaciers can survive in a warming climate needs further investigations. On the other
hand, MARST are linked relatively directly to the atmosphere and are only marginally
influenced by sub-surface temperature. Thus, they hardly reflect current climatic con-
ditions and the influence of past climate conditions is present.
The rock model is only based on 57 MARST values in the European Alps, which in-
evitably requires a strong generalization of the model for application to other environ-
mental settings (such as geology or mean atmospheric humidity that influences the ra-
diation budget). However, absent vegetation, a reduced snow cover and less important
active-layer processes make permafrost in steep bedrock a system that is simple enough
to attempt an extrapolation of findings to environments not measured (Gruber, 2012b).
Additonally to spatial extrapolation, also temporal extrapolation is important because
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MARST values correspond to different observation years taken for averaging. This was
addressed by extrapolating the MARST values to the period 1961–1990 using long-term
MAAT measurements from Piz Corvatsch, Switzerland (details are given in Publica-
tion II). This approach a) assumes that the difference of MAAT to its longer-term mean
and the difference of MARST to its longer-term mean are equal and spatially uniform,
and b) is representative of inter-annual variability, because some of the measurement
series are only one year long. The debris model (Sect. 3.2.1) is based on status informa-
tion of 3580 rock glaciers. The existence of an intact rock glacier not only depends on
permafrost but also on suitable debris production and transport mechanisms, implying
that permafrost can exist in areas where rock glaciers are absent (Imhof , 1996). The exact
mapping of rock glaciers extents involves subjective decisions (e.g., how far upslope a
rock glacier reaches) and a related inventory-specific bias must be assumed, which is
considered by the generalized linear mixed model (GLMM) using random effects. Rock
glacier inventories were used in previous studies using logistic regressions (Nyenhuis,
2005, Janke, 2004). However, these studies do not use different rock glacier inventories
and thus random effects are not considered in the statistical modeling. Additionally, no
thermal offsets were applied in these studies to infer permafrost conditions for areas,
which are not rock glaciers, but the predicted modeling results are presented as per-
mafrost probabilities for an entire landscape.
Explanatory variables. For the Alpine permafrost distribution model, the environmen-
tal variables MAAT, PISR and precipitation are considered as explanatory variables.
MAAT, or elevation in a local context, describes the altitudinal distribution of per-
mafrost, whereas PISR addresses the lateral variability of topography effects. An impor-
tant limitation in our PISR calculation is that cloudiness is not considered (e.g., diurnal
variations of moisture in the atmosphere resulting in generally higher permafrost limits
in east exposed slopes compared to west exposed slopes, Haeberli, 1975). The variable
”precipitation” can be interpreted as a proxy for regional averaged cloudiness or snow
cover characteristics. However, the grid resolution of this variable is coarse and local
characteristics are not accounted for. Especially the effect of snow on permafrost dis-
tribution is large, but the spatial prediction of average snow cover characteristics (first
significant snow fall in autumn, snow depth, melt-out date) is difficult due to regional
precipitation patterns and effects of wind and avalanches (Lehning et al., 2006, Mott et al.,
2008) and thus, no Alpine-wide data is currently available. This results in a possible
overestimation of ground temperatures at the foot of talus slopes, where avalanche de-
posits are common in many topographical situations and responsible for a net cooling
effect (cf. Haeberli, 1975, Sect. 2.2).
Surface characteristics and offset terms. The influence of surface characteristics on
ground temperature is considered by distinguishing between debris cover, steep bedrock
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and vegetation in our modeling approach. This is a strong simplification because vari-
ous transition zones of these surface types exist and within each surface type the vari-
ability (e.g., grain size) is large. Additionally, the estimation of averaged offset terms
for a specific surface type for the entire Alps is not an easy task because offset terms are
highly variable (cf. Hoelzle and Gruber, 2008) and strongly depend on ground and surface
characteristics. The offsets that are applied in this study, are based on few observations
and include subjective assumptions.
Other limitations. Subsurface conditions, transient, and three-dimensional effects are
neglected in our analysis, but are assumed to play a less important role when estimat-
ing current permafrost distribution. This can not be assumed when future conditions
need to be estimated or changes in permafrost detected. However, the relationship of
changing climate and environment on permafrost conditions are complex and partly
non-linear (e.g., a reduced snow-cover in winter may result in local cooling effect due
to increased albedo and effects of latent heat (Sect. 2.2) but later the warming effect of
the absent snow cover will be dominant), which makes predictions of future conditions
challenging, even if process-based approaches are applied on a more local scale.
The evaluation of a permafrost distribution model is difficult because field evidence
of permafrost presence or absence is rare compared to often large study areas. Addi-
tionally, the existing evidence is concentrated on few distinct surface types such as rock
glaciers, talus slopes and bedrock, but few evidence exists in intermediate slopes char-
acterized by a mixture of bedrock and debris cover (unbalanced sampling of existing
permafrost evidence). While the prediction of permafrost distribution models is grid
based, observations represent point information within a complex, spatially variable
mountain topography (Fig. 5.1), which further complicates the evaluation of gridded
permafrost models.
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Figure 5.1: Schematic illustration of sub-grid variability in mountain terrain variables shown
for a DEM with a grid resolution of 30m (ele: elevation, slp: slope angle, asp: aspect angle).
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A promising tool for future large scale modeling of environmental characteristics is
TopoSUB, ”a tool for efficient large area numerical modeling in complex topography
at sub-grid scales” (Fiddes and Gruber, 2012). Here, the most important aspects of land
surface heterogeneity are sampled through a lumped scheme, which allows numerical
modeling of processes at fine grid resolutions over large areas (Fiddes and Gruber, 2012).
Additionally, grid computing systems allow for handling big numerical simulations and
offer new possibilities to evaluate physical-based models for different environmental
settings (e.g., Gubler et al., 2013) and thus to possible apply them to an entire landscape
in the future.
5.3 Permafrost distribution map
Instead of probabilities, index values are used in the final map of permafrost occurrence
because the former does not communicate the underlying subjective assumptions that
are part of our modeling approach. Existing permafrost distribution maps mainly use
discrete classification schemata to visualize the spatial distribution of permafrost (cf.
Heginbottom, 2002). These schemata describe the permafrost extent (estimates in percent
area) or the probability of permafrost occurrence in distinct classes, which can easily
be visualized in a map. The uncertainty of the underlaying permafrost distribution
model is then expressed in these permafrost classes. The distinction of discrete classes
claims a spatial accuracy of the map-based product that is not supported by the data
and does not account for the spatially fuzzy limit of permafrost in reality. The trans-
lation of the model output in such classes requires subjective assumptions and often
comes along with the extrapolation of the model output to other settings (topography
and surface characteristics) than used for model calibration. Often this step has not
been described in detail in previous studies, especially the spatial extrapolation to new
surface domains is often not accounted for. Permafrost mapping that is based on lo-
gistic regression modeling directly predicts the probability of permafrost occurrence (or
negative ground temperatures). Here, mainly classified probability ranges are used in
corresponding maps (e.g., Lewkowicz and Ednie, 2004, Etzelmüller et al., 2006, Lewkowicz
and Bonnaventure, 2008). However, also these modeling approaches need to account for
different surface types and the limited data for model calibration.
The strategy behind the interpretation key to the permafrost map is novel: Here, the
map-user has the possibility to improve the predicted permafrost occurrence based on
additional information. However, the benefit of this strategy has to be evaluated by
local stakeholders and other researchers because it requires an additional effort for the
map user. Additionally, no clear boundaries of permafrost classes are provided in our
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map and thus common GIS operations such the calculation of the permafrost area or
the intersection of the permafrost layer with other data (e.g., natural hazard zonation,
cf. Fischer et al., 2012) is complicated. Considering index values ≥ 0.5 is one possible as-
sumption to estimate the permafrost area. However, the definition of exact permafrost
areas is not possible with the Alpine permafrost map, but different scenarios can be de-
fined (e.g., conservative vs. anti-conservative estimation of permafrost distribution) de-
pending on the purpose of a analysis. Apart from the modifying local processes that are
captured in the interpretation key, the permafrost map has to be interpreted with care
in recently deglaciated glacier forefield, because of ongoing fast glacier retreat (Haeberli
et al., in press, 2013).
The map is developed an applied for a large mountain region. The interpretation key
allows for using the map also in a more local context, but additional studies (e.g., geo-
physical observation or physically-based modeling) are needed for a detailed assess-
ment of local permafrost characteristics.
5.4 Estimation of permafrost ice content for an entire
mountain range
The total water equivalent (TWE) of permafrost ice is estimated to range within 24–
28 km3. The largest contribution to the TWE is contained in debris permafrost (74 %),
while intact rock glaciers (19 %) and permafrost in steep bedrock (7 %) are less rele-
vant in the Alps. Thus, the parameterization of the geophysical properties of debris is
more important than the corresponding parameterizations of intact rock glaciers and
steep bedrock. The estimation of permafrost ice content for an entire mountain range
is difficult, because the spatial extrapolation of existing information of subsurface char-
acteristics (e.g., thermal conductivity, porosity and relative saturation) is difficult. This
results in high uncertainties of the values presented. However, the aim was to estimate
the order of magnitude of permafrost ice content in the Alps and to reveal the under-
lying uncertainties that come along with the chosen modeling approach. The ranges
that are considered by the lower and upper bounds in the sensitivity analysis represent
extreme estimates as the overall approach deals with averaged behavior for an entire
landscape.
Studies in northern Canada assume averaged ”ground ice versus depth” profiles for
entire landscapes (Pollard and French, 1980, Couture and Pollard, 1998), independent of
near-surface ground temperatures. This is not possible for the European Alps, because
of the high spatial variability of near-surface ground temperatures and their absolute
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values, which is often close to 0 ◦C. Additionally, the spatial characteristics of subsurface
conditions are highly variable in the Alps.
In the applied modeling approach, constant differences between MAGST and MAAT
were used, which represents a strong assumption neglecting the effects of the snow and
the solar radiation. It is assumed that the permafrost area in debris cover is overesti-
mated in our analysis, because talus slopes often show permafrost absence at the top
of the slope and permafrost presence at the base of the slope (Haeberli, 1975, Lambiel
and Pieracci, 2008, Phillips et al., 2009, Scapozza et al., 2011), which is not considered in
our modeling approach. On the other hand, paleoclimatic effects from past cold peri-
ods can significantly influence the thermal regime at depth (Noetzli and Gruber, 2009)
and thus, our approach based on current surface temperature possible underestimates
current permafrost thicknesses and derived ice contents.
Ice stored in permafrost represents a seldom recognized ground water reservoir in alpine
terrain (Clow et al., 2003). Permafrost controls runoff processes such as the groundwa-
ter storage capacity, which is minimal in spring when the ground is frozen (Roulet and
Woo, 1986), or the amount of water infiltration into the active layer (Quinton et al., 2011).
Existing studies have highlighted the importance of the hydrological significance of
permafrost for single catchments and relates an increase in base flow to thawing of per-
mafrost ice (Ye et al., 2009, Caine, 2010). The TWE of permafrost in the European Alps
found by this study (24–28 km3) is approximately one quarter of the TWE of Alpine
glaciers (90 ± 30 km3, Levermann et al., 2012). However, in other mountain ranges such
as the dry Chilean Andes, the water equivalent of rock glaciers is estimated to be much
larger than the glacier water equivalent (Azócar and Brenning, 2010) and the contribu-
tion of total permafrost (including non-rock glacier areas) is even larger. Loss rates
for permafrost ice are hardly known but are certainly much smaller than for glaciers
(cf. Kääb et al., 1997). Consequently, the volume of glacier is assumed to vanish much
more rapidly with a probable disappearance of most Alpine glaciers during the coming
decades (Haeberli et al., in press, 2013). It is possible that in the European Alps already
during the second half of the 21st century, more subsurface ice in permafrost may re-
main than surface ice in glaciers.
6
Conclusions and outlook
Permafrost in high-mountains is heterogeneous and its spatial characterization requires
a large amount of suitable field evidence as well as adequate strategies to efficiently
calibrate and apply models for a large-scale area. The research questions that have
been formulated to address these issues are revisited in the following section (Sect. 6.1).
Then, the main products generated in the framework of this thesis are listed (Sect. 6.2).
Section 6.3 gives an overview of the main insights gained. Finally an outlook for further
potential research is given in Section 6.4).
6.1 Revisiting the research questions
In the following, the research questions that have been formulated in Section 1.2 for the
individual objectives are revisited.
A1: What are the most relevant evidence types and which information per evidence type is re-
quired for an Alpine-wide permafrost inventory, which serves to a) increase knowledge of spatial
permafrost distribution, and b) provide a solid basis for model calibration and evaluation?
For all evidence types the information whether permafrost is present or ab-
sent is important to characterize the spatial distribution of permafrost. Rel-
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evant evidence types are borehole temperatures, ground surface tempera-
tures, rock fall scars, trench or construction sites, surface movements, geo-
physical prospecting and other indirect evidence. A qualitative index de-
scribing the degree of certainty of the presence or absence of permafrost is
needed to later exclude parts of the evidence for specific analyses. Further-
more, the spatial location and its estimated accuracy are required. Meta-data
of local terrain and surface characteristics observed in the field is of great
value because this information can only be derived with limited accuracy
from digital datasets such as DEMs or satellite imagery. Temperature-based
observations additionally provide important information by using averaged
values, such as mean annual ground surface temperatures, which can be
used for calibrating statistical models.
The rock glacier inventories must contain the following information: activity
status (intact/relict) for each rock glacier, perimeter of the inventory, spec-
ification of the delineation method (e.g., air photo, map) and the mapping
strategy used to compile the inventory. Additionally, a subjective measure
by the data contributors describing the completeness of the inventory in the
defined perimeter is important in order to exclude incomplete inventories
from analyses.
B1: How can the permafrost distribution be estimated for the entire European Alps?
To predict the permafrost distribution Alpine-wide, a statistical modeling
approach is preferred instead of a process-based model. This is because the
evaluation and application of process-based models is currently too chal-
lenging to be of direct use for large-scale application. Based on the compiled
evidence in the Alpine-wide permafrost inventory, two types of evidence
were suitable for statistical model calibration: a) rock glacier inventories
and b) mean annual rock surface temperatures measured in steep bedrock.
Based on these evidence types, two statistical models were developed, one
for debris-covered areas (debris model) that is based on status information
of rock glaciers and one for steep bedrock (rock model) using mean annual
rock surface temperature for calibration. For both models, mean annual air
temperature and incoming solar radiation show a clear relation to the re-
sponse variable and are therefore used in the statistical models. Additionally,
the mean annual sum of precipitation significantly contributes to the debris
model and was therefore considered. To infer conditions below debris sur-
faces other than rock glaciers, temperature offset terms that are based on the
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literature but involve some degree of subjective choice during model build-
ing were applied to the debris model. Finally, both models are combined
based on a linear membership function to the surface types steep bedrock
and debris, allowing for a spatially continuous estimation of the permafrost
distribution.
B2: What kind of legend and interpretation key is suitable to communicate the estimated per-
mafrost distribution and its uncertainties in a map-based product?
The applied Alpine-wide permafrost model provides probabilities of the oc-
currence of permafrost. These probabilities are translated into permafrost
index values because the term ”index” better explains the uncertainties and
assumptions that are integrated in the entire modeling approach. To un-
derline this, the legend to the index varies from ”permafrost in nearly all
conditions” to ”permafrost only in very favorable conditions” and describes
semi-quantitatively the occurrence of permafrost. Both terms communicate
to some degree the involved uncertainties of the model and deliberately al-
low for further interpretations.
The interpretation key that comes together with the Alpine permafrost in-
dex map, summarizes the main local modifying processes that could not be
accounted for in the Alpine-wide permafrost model. Selected pictures and
brief explanations help the map user to identify such situations (topogra-
phy and surface characteristics) and to correctly interpret the implications
for permafrost presence or absence.
C1: What is the permafrost ice content of the European Alps and which are the most important
parameters of such an estimate?
The permafrost ice content in the European Alps is estimated to be in the
order of 26 km3, which is approximately one quarter of the glacier ice volume
of the year 2003 in the Alps. The geophysical parameters that most influence
this estimate are the thermal conductivity of the ground’s material and its
porosity. According to the results obtained, most permafrost ice is present
underneath debris-covered areas, in loose debris. Consequently, the result is
highly sensitive to the predicted ground surface temperature in this domain,
but a proper evaluation of the results is currently not possible as only few
evidence is available.
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6.2 Contributions
This section contains a complete list of the contributions that arise from this thesis, while
the explicit author contributions are listed separately in Part II preceding the individual
publications.
Alpine permafrost evidence inventory. The first Alpine-wide permafrost evidence in-
ventory provides a collection of permafrost observations and rock glacier inventories
in the Alps. The large environmental gradients that are covered in this data collection
allow analyses that are not possible with local data sets and offer new possibilities to
calibrate and evaluate permafrost models. For each evidence type the relevant infor-
mation was defined, which allows for collection and homogenization of evidence from
different research groups and companies. A simple approach to evaluate the spatial lo-
cation of the evidence was developed and applied in order to reduce errors during data
entry or coordinate transformation.
Permafrost distribution model for an entire mountain range. The statistical model-
ing approach that has been developed as part of this thesis allows for a) integration
of different statistical sub-models that are possibly based on different calibration data
types (continuous and binary), b) scaling issues, which are required if the sub-models
are based on different grid resolutions or if the model prediction is performed to an-
other resolution than the model calibration, and c) integration of temperature offsets
that allow for extrapolation of the model prediction to other settings. The modeling
approach was developed in the domain of the European Alps but could be adopted for
and applied to any other mountain range.
Alpine permafrost distribution map. For the first time, the permafrost distribution
has been mapped Alpine-wide, including regions where no local permafrost map was
available previously (e.g., Bavaria, southern Germany). The map has a grid resolution
of approximately 30 m and is freely available as Google Earth overlay or as Web Map-
ping Service (WMS) for integration in a GIS. We developed a legend and interpretation
key, which allows the map user to account for local modifying processes, and thus to
locally refine the estimate that is shown in the permafrost map. Pictures with the most
important situations (topography and surface characteristics) that are not accounted for
in the underlying permafrost distribution model help the map user to identify such loca-
tions and an accompanying text describes the related implications for the interpretation
of permafrost presence or absence.
Estimation of permafrost ice content for the European Alps. The permafrost ice con-
tent in the Alps was estimated using a simple framework that distinguishes between
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different surface types and corresponding averaged depth profiles that are defined by
geophysical parameters. Gridded ground surface temperatures and analytical solutions
to the heat conduction equation were used to calculate permafrost depth and active
layer thickness. Based on this, the ice-content could be estimated. Rock glaciers, as a
geomorphological feature with high volumetric ice content, were treated separately and
their spatial density was estimated using existing rock glacier inventories.
6.3 Insights
Quality and sampling of evidence data. The quality of the data and meta-data com-
piled in the Alpine-wide permafrost inventory is heterogeneous and further efforts are
required to improve this. Problems arose in this study because non-uniform inter-
national standards with respect to permafrost observations and terminologies were en-
countered, which need strong efforts to ensure interoperability. Existing evidence is
strongly biased towards permafrost presence and less evidence for permafrost absence
is available. This is a strong limitation for statistical modeling using permafrost pres-
ence and absence as binary calibration source.
Additionally, the sampling is not balanced with respect to surface cover types. Most of
the investigations are performed in distinct surface types or geomorphological features
such as bedrock, rock glaciers or talus slope. However, large parts of the Alps cannot be
attributed to such distinct classes and hardly any evidence is available in these areas.
Evaluation of evidence data. The evaluation of evidence data is important to assess its
quality. The visualization of point and polygon locations in their geographic context
provides a straightforward approach to detect obvious errors in coordinates introduced
during data entry or coordinate transformations. However, small-scale errors in the
spatial location of evidence cannot be assessed with this approach.
The meta-data contained in the Alpine evidence inventory offers possibilities to com-
pare topographical variables provided by the data contributor with those derived from
an Alpine-wide DEM. This allows for the assessment of parts of the meta-data of the
inventory and if necessary to exclude individual evidence from further analyses.
Integration of statistical models that are based on different calibration data types
and/or different spatial resolutions. Generalized linear (mixed) models with a probit
link function allow to link probabilities derived from binary calibration data with prob-
abilities derived from a linear regression model. This offers the possibility to combine
different statistical models that are based on different types of calibration data in a uni-
form framework.
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Direct and indirect evidence of permafrost always is related to a certain spatial scale, for
which the specific evidence is representative. By combining statistical models that are
based on different evidence types or on situations where the model prediction is per-
formed at another resolution as the model was originally calibrated for, scaling issues
need to be considered.
Extrapolation of model’s prediction to settings where no calibration data is avail-
able. Because for some settings (as defined by topography and surface characteristics),
hardly any evidence of permafrost is available, the extrapolation of model predictions
outside its calibration domain is an implicit part of permafrost distribution modeling.
This issue often has been neglected in previous permafrost mapping efforts, but needs
to be adequately addressed. The design of a modeling approach that allows the integra-
tion of different temperature offsets, is one possibility to extrapolate model prediction
to settings the model is not calibrated for. However, because of the large variability
of near-surface ground conditions the estimation of averaged offset terms for different
surface cover types and assumed ground profiles includes large uncertainties.
Evaluation of permafrost distribution models. The evaluation of permafrost distribu-
tion models is difficult because a) less evidence for model evaluation is available, b) the
existing evidence is biased towards permafrost existence and unbalanced in regard to
topography and surface characteristics, and c) the prediction of a model is grid based,
whereas permafrost evidence is representative for one point within complex mountain
topography. Independent polygon information of rock glaciers offers a possibility to
evaluate permafrost distribution models in rock glacier areas. However, model as-
sessment in non-rock glacier debris areas is only possible by estimating corresponding
transfer approaches.
Permafrost ice in the Alps. The estimation of the permafrost ice content of an entire
mountain range includes the difficulties of the estimation of the permafrost distribution.
The additional dimension (subsurface) that needs to be accounted for when estimating
permafrost ice content, increases the uncertainties further.
Currently, more surface ice exists in glaciers than subsurface ice in permafrost in the
European Alps. Due to rapid glacier retreat it is probable that during the second half of
the 21st century more permafrost ice than glacier ice may remain.
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6.4 Outlook
The following key problems have been identified as warranting future research:
Alpine-wide permafrost evidence database. The coordination of research groups gen-
erating and maintaining permafrost evidence and related monitoring programs should
be further improved in future in order to obtain a better data base for permafrost anal-
yses. Important next steps are: a) Definition of an Alpine-wide strategy towards a bal-
anced sampling design of permafrost observations in respect to climate, topography,
surface and subsurface characteristics, b) establishment and implementation of inter-
national standards for acquiring permafrost related data, its processing and storage,
c) development and maintenance of a user-friendly solution to provide Alpine-wide
permafrost data and its meta-data to the permafrost research community, and d) devel-
opment and implementation of strategies to assess the quality of the data that is stored
in an Alpine-wide database.
Permafrost distribution modeling. The spatial estimation of permafrost could be im-
proved using enhanced surface cover information derived from high-resolution (spa-
tial/spectral) satellite imagery, additional topographical variables (cf. Etzelmüller et al.,
2001b) and complex spatial mapping algorithms (e.g., Brenning, 2009). The identifica-
tion of distinct terrain features such as ridges, or slope base locations could help to ac-
count for main effects of the snow cover or three-dimensional topography. Further, tran-
sient modeling approaches are needed to account for changes in the environment (e.g.,
glacier coverage). Additional synthetic calibration data for specific situations could pos-
sibly be provided by physically-based permafrost models and improve the calibration
base for permafrost distribution models. Recently developed downscaling approaches
for regional climate model data (cf. Fiddes and Gruber, in prep.) could help to provide
new data that could be used as explanatory variables in modeling approaches as well
as data for future climate scenarios. Finally, the evaluation of permafrost distribution
models needs to be improved. One possibility could be to conduct on inter-comparison
project of different permafrost models.
Permafrost mapping. Future permafrost mapping products could contain additional
information such as estimated permafrost depth, active layer thickness, ice content or
transient information of past or future permafrost characteristics. In addition to new
modeling approaches, also advanced visualization strategies would be required to pro-
vide user-friendly output products.
Permafrost ice and its drainage after melting. In the second half of the 21st century,
when surface ice in glaciers is assumed to have mostly disappeared, permafrost ice
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could have a more important role as a water reservoir from the European Alps than
today. The significance of this or the influence of permafrost on drainage processes
requires further attention.
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Abstract. The investigation and modelling of permafrost
distribution, particularly in areas of discontinuous per-
mafrost, is challenging due to spatial heterogeneity, remote-
ness of measurement sites and data scarcity. We have de-
signed a strategy for standardizing different local data sets
containing evidence of the presence or absence of permafrost
into an inventory for the entire European Alps. With this
brief communication, we present the structure and contents
of this inventory. This collection of permafrost evidence not
only highlights existing data and allows new analyses based
on larger data sets, but also provides complementary infor-
mation for an improved interpretation of monitoring results.
1 Introduction
In mountain areas, permafrost distribution is spatially het-
erogeneous and there is a scarcity of direct permafrost mea-
surements and observations. In the European Alps, numer-
ous local permafrost distribution models have been devel-
Correspondence to: E. Cremonese
(e.cremonese@arpa.vda.it)
oped (e.g. Keller, 1992; Hoelzle, 1996; Imhof, 1996; Gru-
ber and Hoelzle, 2001; Lambiel and Reynard, 2001), but
are usually based on a small number of data points (often
proxies) from rather restricted regions. Similarly, statistical
analyses of permafrost distribution patterns taking into ac-
count topography, mean annual air temperature (MAAT) or
precipitation face the challenge of assembling heterogeneous
data. In order to make the most of the potential of existing
data, an Alpine-wide standardized collection of permafrost
evidence has been carried out and is described here. We de-
fine a permafrost evidence to be a point or an area where
permafrost is known to be present during a certain time or
where the absence of permafrost can be ascertained. The
wide variety of relevant field measurements and observations
(e.g. temperature in boreholes or near the ground surface,
rock glacier mapping, geophysics), and their different spa-
tial scale of reference, make the process of data standardiza-
tion challenging. Permafrost experts from several European
Alpine countries have contributed to the inventory presented
here (Appendix B). It was compiled within the framework
of the project PermaNET and combines results obtained by
many researchers and data assembled by national or regional
monitoring programmes such as PERMOS (Noetzli and Von-
der Muehll, 2010), PermaFRANCE (Schoeneich et al., 2010)
Published by Copernicus Publications on behalf of the European Geosciences Union.
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or PROALP (Mair et al., 2008). With this brief communica-
tion we aim to present the first version of the concept, struc-
ture and data of the inventory. In addition, we hope this brief
communication will also contribute to the further improve-
ment of the inventory through peer-review, to widen its usage
and to improve its integration in the context of national and
international monitoring and measurement programs.
2 Structure and organization of the inventory
The design and implementation of the inventory is based on
the following principles: the inventory has to be simple in
structure and technical implementation and the number of pa-
rameters must be kept small. This allows researchers to reg-
ister their existing data within the newly standardized scheme
in a user-friendly manner. For important variables, at least a
qualitative uncertainty is assigned. After insertion, data are
verified in order to remove obvious errors. Basic informa-
tion on the origin of each evidence point is required, such as a
published reference or the measurement method applied. The
inventory contains the following types of evidence: bore-
hole temperature (BH), ground surface temperature (GST),
rock fall scar (SC), trench or construction site (TR), surface
movement (SM), geophysical prospecting (GP), other indi-
rect evidence (OIE) and rock glaciers (RG). SC and TR are
considered to be evidence of permafrost only if ice has been
seen (e.g. on photographs or in-situ) and can be excluded
to be seasonal. The criterion to exclude seasonal ice is a
depth exceeding five meters from the surface. SM is usually
based on field observations, terrestrial surveys, photogram-
metric analyses or DInSAR data. GP include primarily geo-
electrics, seismics, ground penetrating radar and electromag-
netic prospecting. OIE provides room for further types of
evidence such as thermokarst depressions.
For all types of evidence, general information concerning
for example location and the person responsible are required.
Additionally, contributors can use the optional fields avail-
able for comments and further specification of criteria. BH,
GST and SM have additional specific data fields. The com-
plete list and description of information contained in the in-
ventory are presented in Appendix A.
The rock glacier inventory (RG) is managed separately
from the point types of evidence. Individual RG invento-
ries are supplied as a collection of polygons and/or centroids
(shapefiles) in local coordinate systems and then transformed
to the common coordinate system WGS84. The contribution
of an inventory requires the addition of common data fields
into the GIS attribute table and supplying separate meta-
information about the inventory. The estimation of RG activ-
ity is based on field observation or image interpretation (e.g.
aerial photography, satellite imagery) of typical morpholog-
ical characteristics (e.g. steepness of the front, absence of
vegetation) and then classified as being “intact” (i.e. active
or inactive landform with permafrost) or “relict” (i.e. without
permafrost) and minimal information explaining the grounds
for this assessment is included (Appendix A).
3 Data collection, verification and homogenization
The inventory was completed using four “calls for evidence”
accompanied by a spreadsheet and detailed instructions.
Thirty-five individuals or institutions provided data. Con-
tributors provided information from their own research ar-
eas, consisting of existing data and knowledge adapted to the
common data format used in this inventory. This was com-
plemented by specific investigations in collaboration with
regional/local geological services, ski resort operators, en-
gineering companies or alpine guide societies. The design
and administration of the inventory was carried out jointly
by ARPA Valle d’Aosta (Italy), the WSL Institute for Snow
and Avalanche Research SLF and the Department of Geog-
raphy of the University of Zurich (Switzerland).
To avoid errors in spatial positioning introduced during
data entry or coordinate transformation, the assembled in-
ventory was sent as a KML file to all contributors for visual
verification of the provided information using Google Earth.
An updated version of the inventory was released using the
feedback from the contributors after verification.
As the dataset is characterized by a high degree of hetero-
geneity, the issue of data homogenization is very important
and still under development. A first step towards homog-
enization has been made for GST data measured on steep
rock walls: as their inter-annual variation is similar to that of
MAAT, a normalization procedure (Allen et al., 2009) to es-
timate mean annual ground surface temperature (MAGST)
for the period 1961–1990 has been applied to make mea-
surements from differing years comparable. Based on the
resulting temperatures and considering possible mechanisms
of thermal offset, GST points were classified into the cate-
gories “presence” or “absence” of permafrost with differing
degrees of certainty (permafrost presence: MAGST< 2  C
medium certainty;  2  C < MAGST <0  C low certainty;
permafrost absence: 0  C < MAGST <2  C low certainty;
MAGST >2  C medium certainty).
4 Content of the inventory
The total number of point type permafrost evidence is
408 (October 2010), extending from 44.29 to 47.47 N
and from 5.91 to 14.88  E and covering all Alpine coun-
tries except Monaco, Liechtenstein and Slovenia. The rock
glacier dataset includes seven inventories from Italy, Austria,
Switzerland and France with a total of 4795 rock glaciers
(Fig. 1). The seven inventories are regional (Valle d’Aosta,
Piemonte, Veneto, Trentino Alto Adige in Italy, Massif du
Combeynot in France, Ticino in Switzerland and central and
eastern Austria) and thus do not cover the entire European
Alps.
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Fig. 1. Map of the permafrost evidence acquired in the Alps. The dots represent point permafrost evidence. The colors of dots represent the
classes of last observation dates confirming permafrost state (before 1990, between 1900 and 2000, after 2000). The size of the dots indicates
3 classes (<3 yr, 3–8 yr, >8 yr) representing the length of observations/measured data associated with each evidence. Orange polygons
represent rock glacier inventories.
Fig. 2. (a) Relative amounts of point evidence types (borehole (BH), geophysical prospecting (GP), ground surface temperature (GST),
other indirect evidence (OIE), rock fall scar (SC), surface movement (SM), trench or construction site (TR)) in the entire inventory and
(b) by country. Bar width represents the relative abundance of evidence in each country: A–24%, CH–29%, D–0.5%, F–28%, I–17%; for
graphical reasons, Germany bar width has been increased (tripled).
GST, BH and GP are the most common types of point evi-
dence. Most of the points are located in Switzerland, France
and Italy (Fig. 2). The elevation of the permafrost evidence
ranges from 1000m a.s.l. in a cold talus slope in central Aus-
tria (Toteisboden) to 4120m a.s.l. for a GST point in the
Mont Blanc Massif (Grandes Jorasses); however, the ma-
jority (>60%) are situated between 2500 and 3000m a.s.l.
(Fig. 3). Most of the points have slope angles in the range
10–45°. GST and SC also exist in near-vertical conditions
and even some BH (Zugspitze (D), Aiguille du Midi (F),
Gemsstock (CH), Grawand (IT)) are located in steep rock
faces. GP, TR and SM mostly occur on gently inclined
slopes. The distribution of slope aspects is slightly biased
towards the North (36%) and West (24%) with fewer points
(20% each) in the South and East. The majority (85%) of
points have no or only sparse vegetation cover and few have
partial or complete coverage (15%, mostly of type TR). Most
(44%) of the evidence are located in coarse debris, the others
are in bedrock (33%) and in fine material (23%). Evidently,
types such as SC and TR are biased towards a certain surface
type. About 20% of BH and GST are situated on plateaus
or ridges, while 10–15% of TR are located in depressions.
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Fig. 3. Elevation range of each type of evidence (except rock
glaciers). The plot shown is a combination of a box plot (the white
dot is the median, the black boxes range from the lower to upper
quartile, and the thin black lines represent the whiskers) and a kernel
density plot super-imposed in a mirror image fashion (grey shaded
areas).
The depth of BH ranges from 5 to 133m with a mean of
33m. Most boreholes are equipped with temperature sen-
sor chains and data loggers but some require manual mea-
surements. For each BH, active layer depth as well as mean
annual ground temperature (MAGT) of the coldest sensor is
reported as the mean of all available measurement years. As
BH have variable depths, the MAGST of the coldest sensor
is used as an indication for permafrost conditions. GST is
mostly measured at a depth of around 10 cm (55%), with
some measurements being shallower (25% at 0–2 cm) and
others deeper (20% at 15–55 cm). GST is reported as the
mean of all full measurement years with durations ranging
from 3 to 5 yr.
Evidence of the absence of permafrost is also relevant:
whilst 75% of the rock glaciers presented in the inventory
are relict forms, only 23% of the point types of evidence
indicate the absence of permafrost. 61% of point evidence
where permafrost absence has been ascertained are ground
surface temperature, 17% are boreholes and 22% are rep-
resented by geophysical investigations and trenches. Points
of permafrost absence have a mean elevation of 2600m a.s.l.
but can reach also elevations higher than 3500m a.s.l. in par-
ticularly unfavourable conditions (e.g. south exposed rock
walls).
5 Data access
The October 2010 version of the inventory is available digi-
tally at www.geo.uzh.ch/microsite/cryodata/. A compressed
version of the inventory can be downloaded containing point
types of evidence in ASCII format. Since the rationale be-
hind the inventory is data sharing, point evidence publication
policy are classified in two categories: “Usage without re-
striction” and “Inform before publication”. Data belonging
to the first category can be downloaded without any feed-
back to the owner while in the latter case, an automatic email
reporting the contact person and the intended use of the data,
will be sent to the owner when a download occurs.
6 Conclusions
We have established an inventory of permafrost evidence for
the Alps and made its contents freely available to other sci-
entists and practitioners. This inventory complements mon-
itoring programmes in which changes in permafrost terrain
are measured at individual locations with great precision
and over long time spans (e.g. PERMOS, PermaFRANCE
or NorPerm, Juliussen et al., 2010) by providing a solid ba-
sis to advance the understanding of the spatial distribution of
permafrost and its evolution in heterogeneous mountain envi-
ronments. While the homogenized contents and public avail-
ability of the inventory increase the value of the data con-
tained, the synopsis of data over a larger region additionally
enables analyses that were previously not possible, as larger
environmental gradients are covered and more data points
available. Future experience with data homogenization, sci-
entific analyses, gathering of evidence, re-interpretation of
existing data for inclusion in the inventory and with merg-
ing differing inventories and monitoring systems into higher-
level products will likely require or inspire changes to the
structure and strategy outlined here. In addition, the provi-
sion of proper user interfaces for the input, validity check-
ing and output of data as well as strategies to ensure correct
scientific governance and data stewardship are important to
maximize the acceptance and utility of inventories such as
the one presented here.
Appendix A
Inventory structure
1. General Information (required for all types of evidence)
– Evidence Type: Borehole (BH), Geophysics (GP),
Rock fall scar (SC), Ground surface temperature
(GST), Surface movement (SM), Trench or con-
struction site (TR), Other indirect evidence (OIE);
– Country ID: Austria (A), Germany (D), France
(F), Italy (I), Switzerland (CH), Liechtenstein (FL),
Slovenia (SLO);
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– Evidence ID: progressive code to identify the single
evidence;
– Site name: established name for site;
– Responsible name: first and last name of responsi-
ble person/data owner. This person is to be con-
tacted for any questions and also for impending
publications;
– Responsible email: e-mail address of responsible
person/data owner;
– Longitude: coordinates of the evidences (WGS84,
decimal degrees);
– Latitude: coordinates of the evidences (WGS84,
decimal degrees);
– Coordinate accuracy: approximate accuracy of co-
ordinates (m);
– Position method: method used for locating site
(e.g. GPS, MAP, Google Earth, others);
– Orientation method: method used for determining
slope and aspect (e.g. field, GIS, other);
– Elevation: elevation of the evidence point (m);
– Slope: slope, expressed in degrees, of the evidence
point (°);
– Aspect: aspect, expressed in degrees, of the evi-
dence point (90° for East, 180° for South, 270° for
West, 360° for North);
– Vegetation: degree of vegetation cover: none,
sparse, partly covered, complete coverage;
– Surface type: coarse debris (no fines at surface),
fine grained debris (fines at surface) or bedrock;
– Permafrost YES/NO: permafrost presence or ab-
sence (Yes/No);
– Permafrost certainty: degree of certainty related
to permafrost presence or absence: high certainty
(i.e.definite proof), medium certainty,
low certainty;
– Justification: explanation and justification of the
permafrost degree of certainty given;
– Ice: indication of the presence of ice below
active layer depth or visible in rock fall scar
(Yes/No/Unknown);
– Ice depth: depth of visible ice (m);
– Date last: last observation confirming permafrost
state;
– Permafrost comments: any additional comments on
permafrost;
– Terrain characteristics: indication of the type of ter-
rain: slope, ridge, peak, plateau, depression, slope
base;
– Source type: source of the information related to
the evidence: literature, field observation, personal
communication;
– Source comment: any additional comment on the
source type;
– Publication policy: Usage without restriction, In-
form before publication.
2. Additional information (not obligatory)
– Additional data: indication of any additional mea-
surement existing at this site (e.g. snow depth, air
temperature, ...);
– Comments general: any other information about the
site that may be important;
– Publications: indication of publications where the
site and its permafrost condition are discussed
(specifically).
3. Boreholes (specific information required for boreholes)
– Borehole name: established local borehole name;
– Borehole depth: maximum depth of the borehole
(m);
– Borehole ALT: mean of maximum annual active
layer thickness (m);
– Borehole ALT years: years used for the calculation
of average active layer depth;
– Borehole MAGT min: minimum mean annual tem-
perature in the borehole (i.e. the mean annual tem-
perature of the coldest sensor) (°C);
– Borehole MAGT min depth: depth of the sensor
used for the minimum mean annual temperature
(m);
– Borehole MAGT period: years used for the calcu-
lation of the minimum mean annual temperature;
– Borehole MAGT accuracy: accuracy of the temper-
ature sensors installed in the borehole;
– Borehole GST: mean annual ground surface tem-
perature; indicates if a measurement is available
near the borehole not in the same thermistor chain
(°C);
– Borehole comments: any additional information:
e.g. borehole with/without tubing, depth of Zero-
annual amplitude (ZAA), angle of drilling (relative
to ground surface) if borehole is not vertical.
4. Ground Surface Temperatures (specific information re-
quired for GST)
– GST mean: mean ground surface temperature (°C);
– GST period: years used for the calculation of the
mean ground surface temperature;
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– GST measurement depth: maximum depth of mea-
surement from surface (cm);
– GST accuracy: accuracy of the temperature
sensors;
5. Surface Displacement (specific information required
for SD)
– Displacement method: indication of the method
used to measure displacement: field observation,
air photo observation, photogrammetric analysis,
terrestrial survey, InSAR, ...;
– Movement rate: cm day 1, cmmonth 1
or cm yr 1;
– Movement date: date of measurement.
6. Rock glacier inventory (required for each rock glacier
inventory)
– RGI ID: number of the rock glacier inventory;
– RGI name: name of the inventory;
– RGI file name: filename of the corresponding
shapefile;
– RGI coordinate system: coordinate system of the
inventory;
– RGI delineation base: specification of the delin-
eation method used (e.g. air photo, map, field ob-
servation etc.);
– RGI mapping strategy: specification of the map-
ping strategy used to compile the inventory
(e.g. random sample of rock glaciers/all rock
glaciers/only large rock glaciers etc.);
– RGI year: date of the rock glacier inventory;
– RGI responsible name: first and last name of re-
sponsible person/data owner;
– RGI responsible email: e-mail address of responsi-
ble person/data owner;
– RGI publication: indication of publications where
the rock glacier inventory is discussed
(specifically).
7. Rock glacier (required for each rock glacier)
– Degree of activity: definition of the degree of ac-
tivity using two classes: Intact (Active/inactive) or
Relict;
– RG field evidence: presence of field evidence for
the rock glacier (e.g. Measurements)? Yes/No;
– RG activity data: presence of InSAR (A), geode-
tic (B), photogrammetric (C), GPS (D) or other (E)
data for the rock glacier: no data, activity,
no activity;
– RG vegetation front: presence of vegetation on the
front of the rock glacier: Yes, No, Unknown;
– RG glacier above: presence of a glacier or peren-
nial snow field in the root zone of the rock glacier:
Glacier, Perennial snow field, No.
Appendix B
List of contributing institutions
– Austria
1. ZentralAnstalt fu¨r Meteorologie und Geodynamik
– ZAMG
2. Universita¨t Graz
– France
1. Conservatoire National des Arts et Me´tiers
– CNAM
2. Universite´ Joseph Fourier
3. Universite´ de Savoie
4. Centre national de la recherche scientifique
– CNRS
– Germany
1. Bayerisches Landesamt fu¨r Umwelt – LfU
– Italy
1. Agenzia Regionale per la Protezione dell’Ambiente
del Piemonte – ARPA Piemonte
2. Agenzia Regionale per la Protezione dell’Ambiente
della Valle d’Aosta – ARPA VdA
3. Fondazione Montagna Sicura
4. Provincia Autonoma di Bolzano
5. Provincia Autonoma di Trento
6. Regione Veneto
– Switzerland
1. Bundesamt fu¨r Umwelt – BAFU
2. Universite´ de Lausanne – UNIL
3. Universita¨t Freiburg
4. WSL Institute for Snow and Avalanche Research
– SLF
5. Universita¨t Zu¨rich – UZH
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Abstract. Estimates of permafrost distribution in mountain
regions are important for the assessment of climate change
effects on natural and human systems. In order to make per-
mafrost analyses and the establishment of guidelines for e.g.
construction or hazard assessment comparable and compati-
ble between regions, one consistent and traceable model for
the entire Alpine domain is required. For the calibration of
statistical models, the scarcity of suitable and reliable infor-
mation about the presence or absence of permafrost makes
the use of large areas attractive due to the larger data base
available.
We present a strategy and method for modelling per-
mafrost distribution of entire mountain regions and pro-
vide the results of statistical analyses and model calibration
for the European Alps. Starting from an integrated model
framework, two statistical sub-models are developed, one
for debris-covered areas (debris model) and one for steep
bedrock (rock model). They are calibrated using rock glacier
inventories and rock surface temperatures. To support the
later generalization to surface characteristics other than those
available for calibration, so-called offset terms have been in-
troduced into the model that allow doing this in a transparent
and traceable manner.
For the debris model a generalized linear mixed-effect
model (GLMM) is used to predict the probability of a rock
glacier being intact as opposed to relict. It is based on the
explanatory variables mean annual air temperature (MAAT),
potential incoming solar radiation (PISR) and the mean an-
nual sum of precipitation (PRECIP), and achieves an excel-
lent discrimination (area under the receiver-operating char-
acteristic, AUROC = 0.91). Surprisingly, the probability of a
rock glacier being intact is positively associated with increas-
ing PRECIP for given MAAT and PISR conditions. The rock
model is based on a linear regression and was calibrated with
mean annual rock surface temperatures (MARST). The ex-
planatory variables are MAAT and PISR. The linear regres-
sion achieves a root mean square error (RMSE) of 1.6 ◦C.
The final model combines the two sub-models and accounts
for the different scales used for model calibration.
The modelling approach provides a theoretical basis
for estimating mountain permafrost distribution over larger
mountain ranges and can be expanded to more surface types
and sub-models than considered, here. The analyses per-
formed with the Alpine data set further provide quantitative
insight into larger-area patterns as well as the model coeffi-
cients for a later spatial application. The transfer into a map-
based product, however, requires further steps such as the
definition of offset terms that usually contain a degree of sub-
jectivity.
1 Introduction
Many models already exist for estimating the spatial distri-
bution of mountain permafrost in regions of the European
Alps (Hoelzle, 1992; Keller, 1992; Imhof, 1996; Gruber and
Hoelzle, 2001; Lambiel and Reynard, 2001; BAFU, 2005).
These models are difficult to compare or combine because
they have different empirical or statistical approaches and
differing types of indices as output. Their extrapolation is
difficult as they are usually calibrated for specific regions
and, as a consequence, no estimation of permafrost distri-
bution exists in large regions of the European Alps to date.
First estimations of permafrost occurrence in the Alps
were based on the “rules of thumb” (Haeberli, 1975),
which use basic relations of permafrost occurrence with
Published by Copernicus Publications on behalf of the European Geosciences Union.
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topographic attributes and surface characteristics. These re-
lationships were first implemented within a GIS environ-
ment by Keller (1992) and later incorporated in further stud-
ies to predict spatial permafrost occurrence (Imhof, 1996;
Frauenfelder et al., 1998; BAFU, 2005; Ebohon and Schrott,
2008). Besides topographic variables, climatic information
and other direct proxy variables of the surface energy bal-
ance (such as MAAT and PISR) are often used in statistical
or empirical permafrost models. The basal temperature of
snow (BTS), introduced by Haeberli (1973) as an indicator of
permafrost occurrence, has been widely used for model cal-
ibration (Hoelzle, 1992; Keller et al., 1998; Riedlinger and
Kneisel, 2000; Gruber and Hoelzle, 2001; Stocker-Mittaz
et al., 2002; Lewkowicz and Ednie, 2004; Brenning et al.,
2005). Measurements in boreholes and near the ground sur-
face have been used for model evaluation (Gruber et al.,
2004; Heggem et al., 2005; Etzelmu¨ller et al., 2006, 2007;
Allen et al., 2009). Other studies used rock glacier inven-
tories to infer the occurrence of permafrost (Janke, 2004),
to identify the lower boundary of discontinuous permafrost
(Nyenhuis et al., 2005), or for model assessment (Imhof,
1996; Gruber and Hoelzle, 2001).
Existing permafrost distribution models typically do not
distinguish between different surface characteristics such as
fine or coarse-grained debris slopes or steep bedrock, even
though their differences in snow-cover and material charac-
teristics can cause strongly differing ground temperatures.
Because the amount and type of available permafrost data
differs between the various surface types this often results in
an unknown degree of extrapolation. Models based on BTS
for example are also used to predict permafrost occurrence
in bedrock without snow or on ground that is nearly always
blown free of snow. Similarly, models based on rock glacier
occurrence are used to predict permafrost also in fine-grained
substrate. The output of most established models consists of
permafrost zonation classes such as “probable permafrost” or
an index that is then related to a qualitative probability. These
quantities are usually defined beforehand (e.g. rules of thumb
(Haeberli, 1975); the BTS relationship (Haeberli, 1973); or
based on the concept of permafrost zonation limits (Lambiel
and Reynard, 2001)) and cannot be validated quantitatively
later on. A notable exception is the work by Lewkowicz and
Ednie (2004) but applied to more diverse terrain, extrapola-
tion to differing surface conditions may again be problem-
atic.
With this paper we aim to base a statistical model on re-
liable permafrost data for a larger area and to make the ex-
trapolation to surface types for which no suitable calibration
data is available transparent by introducing dedicated offset
terms. While this does not solve the problem of difficult val-
idation due to strong heterogeneity and little data, it provides
a basis for better model calibration with the data available
and for better separation of quantitative statistical analysis
and of subjective adjustment. The objectives of the present
study are thus to (a) introduce a suitable strategy and method
for statistic-based modelling the permafrost distribution for
large mountain regions, (b) to discuss generic difficulties of
such models regarding model application to an entire land-
scape, and (c) to provide the results of our statistical analysis
(i.e. model coefficients) for the European Alps.
2 Conceptual background
The lack of sufficient and reliable data for calibration and
validation probably is one of the most important limitations
for permafrost modeling and it is important to devise strate-
gies for the efficient use of existing data. While much
progress has been made in therms of physics-based mod-
elling of mountain permafrost in recent years (cf. Risebor-
ough et al., 2008; Harris et al., 2009), also those methods
are challenged in terms of their validation for diverse condi-
tions and we therefore decided to use a statistical approach.
To benefit from a large data basis, the presented model is
based on an Alpine-wide collection of permafrost evidence
(Cremonese et al., 2011). Overall, only MARST measure-
ments and the rock glacier inventories offer enough data to
support the fitting of statistical models. The other permafrost
observations described by Cremonese et al. (2011) were not
used for model calibration because, (a) they are not sufficient
in number to allow consistent statistical analysis; (b) the in-
tegration and homogenization of heterogeneous permafrost
observations are subject to large uncertainty and subjectivity,
and (c) observations are strongly biased towards permafrost
existence and less observation in non-permafrost conditions
are available. The evidence collection is subject to some de-
gree of homogenization, especially the rock glacier invento-
ries in it may be subject to differences due to slightly dif-
fering conventions and data used that must be accounted for
in statistical models. To utilize rock glacier inventories and
MARST data, a combination of two sub-models is required:
one for debris-covered areas and one for steep bedrock. With
the term “steep bedrock” we refer to terrain that (a) is not
or only marginally affected by a snow cover in wintertime,
(b) does not contain large amounts of blocks and/or debris,
and (c) is without vegetation coverage. The statistical models
are calibrated based on rock glacier activity status as a binary
variable, and rock temperatures as a continuous variable, re-
spectively. While this model combination results in proba-
bilities sensu strictu, their application to areas that are not
rock glaciers or steep bedrock is difficult. Because we only
have limited evidence for permafrost occurrence or absence,
this extrapolation is an integral part of permafrost modeling.
To make this transparent, we use offset terms that we embed
in the model to allow later subjective adjustment. Because
the measurements of MARST used for model calibration are
representative on a scale of few tens of centimeters only, the
application of results in a model based on a DEM of sev-
eral tens of meters is difficult and requires dedicated atten-
tion. Because MAAT has regional trends besides its local
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dependance on elevation, we prefer to use MAAT instead
of elevation as an explanatory variable. The modelling ap-
proach we present is suitable for large mountain regions and
is here demonstrated for application to the European Alps
(43◦–49◦ N, 4◦–16◦ E).
2.1 Debris model
In debris slopes, intact (active and inactive) rock glaciers are
a diagnostic and well visible geomorphological feature to de-
tect the presence of permafrost whereas relict forms indicate
its absence (e.g. Haeberli, 1985). Active and inactive rock
glaciers are grouped as “intact” rock glaciers because of their
existing ice content (cf. Haeberli, 1985; Ikeda and Matsuoka,
2002; Roer and Nyenhuis, 2007; Lilleoren and Etzelmu¨ller,
2011) and the reliable indication of permafrost they offer.
Relict rock glaciers do no longer contain ice, show a col-
lapsed surface due to melting of the ice, and they often have
a vegetation cover (Roer and Nyenhuis, 2007).
The possibility of mapping rock glaciers from e.g. aerial
photographs or field observations makes this an attractive and
unique data source. The existence of rock glaciers depends
on suitable debris production and transport mechanisms, im-
plying that permafrost can also exist in areas where rock
glaciers are absent (Imhof, 1996). Because here, no visible
features indicate permafrost, a model-based estimation is es-
pecially valuable. Due to a cooling effect of the coarse block
surface (Harris and Pedersen, 1998) and the creeping of rock
glaciers, an estimation of permafrost distribution based on
rock glacier activity generally results in an overestimation of
the amount of permafrost below surfaces that are not rock
glaciers. This effect may be compensated by offset terms to
describe the permafrost status of those surfaces relative to the
status of rock glaciers.
The debris model is calibrated using status information
of rock glaciers resulting in a binary response (permafrost
yes/no). While generalized linear models (GLMs) are com-
monly used to model binary response variables such as pres-
ence/absence of permafrost (Lewkowicz and Bonnaventure,
2008), an extension of this model that is able to account for
random inventory effects is required here. Such random ef-
fects may be related to different observation techniques and
interpretation criteria being applied in the compilation of
inventories by different research groups, which may result
in an inventory-specific bias. The generalized linear mixed
model (GLMM; Venables and Ripley, 2002) is able to ac-
count for such random inventory effects and is therefore ap-
plied in this study. It is implemented as “glmmPQL” in the R
package “MASS” (Venables and Ripley, 2002). GLMs and
GLMMs for binary response variables can be specified using
either the probit or, more commonly, the logistic link func-
tion (Hosmer and Lemeshow, 2000; Gelman and Hill, 2007).
While both are nearly identical (Aldrich and Nelson, 1984;
Gelman and Hill, 2007), a probit link function is preferred in
this study due to mathematical advantages in the combined
framework, as outlined in Sect. 3.1.
2.2 Rock model
Near-surface temperatures in steep bedrock have been ob-
served in the Alps since 2002 (Gruber et al., 2003; PERMOS,
2010). Based on this data and other analyses (Gruber et al.,
2004; Allen et al., 2009), it was shown that short-wave radi-
ation is the major controlling factor for the lateral variability
of MARST in steep and homogeneous rock making it suit-
able for a linear statistical model. Because this is based on
near vertical slopes that have no blocky layer and no snow,
the extrapolation into the most common type of rock slope
that is heterogeneous, fractured and partly snow-covered re-
quires special attention. Differing mechanisms and effects
have been postulated (Gruber and Haeberli, 2007; Noetzli
et al., 2008) and measured (Hasler et al., 2011), and require
an offset term for their inclusion in a permafrost distribution
model. Measurements of ground surface temperatures (GST)
or BTS in less steep terrain were not included in our analy-
sis because of their large inter-annual variability caused by
the strong influence of the snow cover (Hoelzle et al., 2003;
Brenning et al., 2005).
2.3 Model combination
In our case of Alpine-wide permafrost distribution mod-
elling, we wish to integrate two models that are fitted sep-
arately in two different model domains: debris surfaces and
steep bedrock. While the debris model is based on an Alpine-
wide digital elevation model (DEM) with coarse grid spac-
ing, the rock model is calibrated using locally measured ter-
rain attributes, which refer to fine-scale topographic informa-
tion. When combining these two models we have to consider
scale effects with particular emphasis on the situation where
an empirical model developed using fine-scale in situ mea-
surements is applied at a coarser resolution for regional-scale
application.
3 Statistical method
The introduction of our statistical approach for permafrost
modeling starts by using the probit model formulation to
show the formal equivalence between permafrost probabil-
ities derived from temperature as a continuous random vari-
able, and presence/absence as a binary one (Sect. 3.1). This
lays the foundations of the proposed approach, because this
allows us to establish a unified framework for the rock model
and debris model, which are based on these two different
types of response variables. A simple approach for com-
bining permafrost probabilities from rock and debris mod-
els is then proposed (Sect. 3.2). This may result in scale
issues, which require further attention (Sect. 3.3). Two prac-
tical aspects of the application of our approach are then
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discussed, the discrimination between rock and debris sur-
faces (Sect. 3.4), and the assessment of the models’ goodness
of fit (Sect. 3.5).
3.1 Model formulation
Permafrost is defined thermally by the permanent presence
of zero or negative ground temperatures (◦C) over two entire
years (van Everdingen, 1998). Because we are interested in
depths where the variability of annual ground temperatures
can be neglected, we assume maximum and mean ground
temperatures to be equal. We therefore express the proba-
bility p of permafrost occurrence at a given location by the
probability of mean ground temperature ϑ being ≤ 0◦C:
p=P(ϑ ≤ 0). (1)
If the ground temperature ϑ is modeled linearly (as we will
later do in the rock model),
ϑ = α˜+1˜+
k∑
i=1
β˜ixi+ ε˜= ϑ˜+ ε˜, (2)
where ε˜ is a normally distributed residual error term with
mean 0 and variance σ˜ 2, the xi and β˜i are the model’s k ex-
planatory variables and their coefficients, and α˜+ 1˜ repre-
sents an intercept term that is explained in detail in Sect. 3.3.
Throughout this work, model coefficients with a tilde refer to
the temperature scale as in Eq. (2), while model coefficients
at the probit scale will carry no tilde.
In a predictive situation, this model will allow us to predict
ϑ˜ with a variance σ˜ 2pred ≥ σ˜ 2, which can be estimated from
the model. In this situation, the permafrost probability p is
therefore predicted to be
p=8(−ϑ˜/σ˜pred), (3)
where 8 is the cumulative standard normal distribution func-
tion. The negative sign is due to the fact that we are interested
in the probability of negative rather than positive tempera-
tures.
On the other hand, direct evidence of permafrost presence
or absence (debris model) allows us to model the permafrost
probability p directly using generalized linear models. The
probit link function is used in this study, because of its rela-
tion to the cumulative normal distribution function (Aldrich
and Nelson, 1984; Gelman and Hill, 2007). Here, the prob-
ability of permafrost presence is modeled linearly not at the
probability scale but at the probit scale, which is obtained
from an inverse cumulative distribution function of the stan-
dard normal distribution:
probit(p)=8−1(p) (4)
Thus, and if we introduce an additional (thermal) offset term
1 (Sect. 3.2) into the probit model, we write the debris model
as
probit(p)=α+1+
k∑
i=1
βixi, (5)
where the xi and βi are the model’s k explanatory variables
and their corresponding coefficients, and α is the model in-
tercept.
From Eqs. (3), (4) and (5) it becomes evident that a linear
regression of ϑ is equivalent to a probit regression of p with
scaled coefficients:
− ϑ˜/σ˜pred =α+1+
k∑
i=1
βixi (6)
This relationship between the temperature-based model and
the model based on rock glacier presence/absence allows
us to convert the temperature-based model in Eq. (2) into
a probit-based probability model (Eq. 5). It will later be
shown that in this specific context, this is relatively insensi-
tive to the estimation of the prediction variance, and we will
therefore use a conservative variance estimator ̂˜σ 2pred, which
will later be specified. The above equivalence allows us to
integrate continuous- and binary-response permafrost distri-
bution models within the formal framework of a linear model
with comparable model coefficients.
3.2 Integration of continuous- and binary-response
models
The coefficients of model Md (debris surface) are de-
rived from the debris model, resulting in the coefficients
αd,βd,1,βd,2 adopted from Eq. (5). 1d is introduced into
this model as a fixed offset value that can be used for adjust-
ing effects such as rock glacier movement; this value is not
estimated from the data but represents the possibility to later
introduce an expert-defined adjustment term.
Model Mr (rock surface), by contrast, is derived from the
rock model (Eq. 2) and partly uses the same explanatory
variables as model Md, with the exception of a difference
in spatial scale (discussed in Sect. 3.3). It is important to
note that in this model formulation, the adjustment offset 1˜r
can be directly interpreted as a thermal offset of the near-
surface ground temperature (MARST) minus the tempera-
ture at the top of permafrost (TTOP). Given this model’s pre-
diction variance ̂˜σ 2pred,r, we estimate the probit-scale coeffi-
cients of Mr from Eq. (6), i.e. by dividing all temperature-
scale model coefficients by −̂˜σ pred,r.
In practice, the spatial distribution of different surface
types is usually not well known and may exhibit transitions
such as spatially varying debris or snow cover thicknesses.
We represent this in a simple way through a (spatially vary-
ing) degree of membership in a land cover class, mτ , with
values between 0 and 1 that sum up to 1 at each location.
The integrated model is then defined to be
probit(pd,pr;md,mr)=mdprobit(pd)+mrprobit(pr), (7)
which has an obvious generalization to more than two land
cover classes. Probabilities of permafrost occurrence can be
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obtained from this integrated probit value by applying the in-
verse probit transformation, and probit-scale prediction vari-
ances are integrated in a similar way as the weighted sum of
each model’s prediction variances.
3.3 Scaling issues
With scale effects we refer to the fact that model coefficients
may change at different scales or levels of aggregation as
coarser-scale explanatory variables tend to show a smaller
range of values and less scatter. This situation is related to the
change of support problem (e.g. Gotway and Young, 2002),
but instead of a geostatistical interpolation setting we need
a solution that is tailored to the situation of integrating two
linear models.
We start by looking at the scaling problem encountered in
the situation where the rock model is fitted at a fine scale
(parameters with index “F”) and applied at a coarser scale
(index “C”) and consider initially only a linear model with
one explanatory variable (k= 1) and no offset term 1˜F = 0.
Thus, from Eq. (2),
ϑF = α˜F+ β˜FxF+ ε˜F, (8)
where the residual variance is var˜εF = σ˜ 2F .
In a predictive situation, we have to approximate the fine-
scale xF with its coarse-scale equivalent xC. We therefore
predict xF using a scaling model,
xF = f (xC)+εC, (9)
where the residuals shall be assumed to be independent and
identically distributed according to a normal distribution with
mean 0 and variance varεC = σ 2C. The function f represents
an arbitrary predictive model, such as a linear regression in
xC. More generally, we could approximate xF using a model
built on multiple variables other than xC.
Thus,
ϑF = α˜F+ β˜Ff (xC)+ε′, (10)
where the residuals are
ε′= ε˜F+ β˜FεC. (11)
Since the spatial predicitons are to be made at the coarse
scale, where one grid cell is composed of N fine-scale grid
cells, we have
ϑC = 1
N
N∑
i=1
ϑF (12)
= αF+ β˜Ff (xC)+ 1
N
∑
i
ε˜F,i+ β˜F
N
∑
i
εC,i, (13)
where we make use of the fact that xC does not vary within
a coarse-resolution grid cell. We refer to the last two terms,
which involve the fine- and coarse-scale residuals, as the
residual of ϑC.
The estimation of the residual variance of ϑC is not an
easy task because the within-cell residuals ε˜F,i and εC,i, re-
spectively, can certainly not be considered to be independent
due to the likely presence of (positive) spatial autocorrela-
tion over these short distances. The variances of the par-
tial residual terms would be expected to decrease proportion-
ally to N−1 under the assumption of independent within-cell
replication. The estimation variance of the mean value of
positively autocorrelated random variables, by contrast, de-
creases more slowly with increasing sample size. In the ex-
treme case of perfect within-cell dependence, averaging over
N identical pseudo-replications would not reduce estimation
variance compared to using only one replication. We adopt
this conservative approach by assuming that averaging over
N finer-scale grid cells does not reduce the uncertainty varε′
in the statistical model ground temperature at the aggregate
scale (Hurlbert, 1984). In addition, we replace β2F with the
square of a one-sided (upper) 95-% confidence limit of |βF|,
β2F,cl. Thus, as a conservative estimator for varε
′
, we use
σ ′2 := σ 2F +β2F,clσ 2C. (14)
Consequently, the residual variance of the scaling model
adds to the residual variance of the scaled model, using the
regression coefficient for variance weighting, and the equa-
tion would be expanded by additional β2i,F,clσ
2
i,C for each ad-
ditional explanatory variable to be scaled. Estimates of βF
and σ 2F can be obtained from the fine-scale rock temperature
model, and an estimate of σC from the scaling model.
In a predictive situation, σ 2F can be replaced with the corre-
sponding prediction variance of the rock temperature model,
which is generally slightly greater than σ 2F . The prediction
variance varies, however, slightly between samples. In the
present study, the prediction variance is inflated only by 6 %
on average, with a maximum of 11 %, and we therefore in-
crease σ 2F by 6 % in general in this study as a first-order ap-
proximation.
3.4 Surface types
To distinguish between the two model domains (debris vs.
bedrock) one of the following approaches can be applied:
(1) an index describing the degree of membership in the ex-
posed bedrock rock surface class, (2) a statistical model of
land cover such as a logistic regression or generalized ad-
ditive model (Hastie and Tibshirani, 1990) or (3) remotely-
sensed or map-based land cover products.
3.5 Model evaluation
To assess the accuracy of the debris model, the area under
the receiver-operating characteristics curve, which is known
as AUROC, was calculated. This value ranges between 0.5
(random model behavior) and 1.0 (perfect model; Hosmer
and Lemeshow, 2000). AUROC values reported in this study
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Table 1. Overview of data used for model calibration (RG Rock glacier; AT Austria, CH Switzerland, DE Germany, FR France, IT Italy).
Response variable Country Region N (intact/relict) Source
RG status AT, CH, FR, IT Various regions 1625/3916 Cremonese et al. (2011)
RG status CH Entremont, Valais 115/137 Delaloye et al. (1998)
RG status CH Engadina, Graubu¨nden 115/137 Frauenfelder et al. (2001); Frauenfelder (2005)
RG status CH Engadina, Graubu¨nden 18/6 Hoelzle (1998)
RG status CH Aletsch region, Bern 11/13 Imhof (1998)
RG status CH Printse valley, Valais 115/137 Reynard and Morand (1998)
RG status CH Fletschhorn area, Valais 50/22 Frauenfelder (1998)
RG status CH Prealps, Vaud 0/25 Schoeneich et al. (1998)
MARST CH, DE, FR, IT Various regions 49 Cremonese et al. (2011)
MARST CH Matterhorn, Jungfraujoch 8 Hasler et al. (2011)
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Fig. 1. Spatial distribution of intact/relict rock glaciers (blue
crosses) and the locations of the rock surface temperature loggers
(red crosses).
are based on model predictions that include the inventory
random effect.
A 10-fold cross-validation was performed to assess how
transferrable to independent test data sets the model is (Hand,
1997). The original data set was randomly partitioned into 10
sub-samples. Of these 10 sub-samples, a single sub-sample
was retained for testing the model, and the remaining 9 sub-
samples were used as training data. This process was re-
peated 10 times using each of the 10 sub-samples exactly
once as the validation data. The 10 results from the folds
were combined to produce a single estimation which then
was used to measure the AUROC.
The goodness-of-fit for the rock model was obtained by
calculating the R2 and the root mean square error (RMSE).
Furthermore, the RMSE resulting from a 10-fold cross-
validation was calculated.
4 Data
4.1 Response variables
Most of the rock glacier inventories used to fit the debris
model were provided by the permafrost observation collec-
tion of the PermaNET project (Cremonese et al., 2011). This
collection was complemented by inventories from Switzer-
land published at the Seventh International Conference on
Permafrost (“Yellowknife inventories”; ICP Yellowknife,
Canada, 23–27 June 1998; Delaloye et al., 1998; Frauen-
felder, 1998; Hoelzle, 1998; Imhof, 1998; Reynard and
Morand, 1998; Schoeneich et al., 1998) and an inventory
from the Upper Engadine, Switzerland (Frauenfelder et al.,
2001; Frauenfelder, 2005). The final data set used as basis
for the model development includes 2184 intact and 4218
relict rock glaciers from Austria, France, Italy and Switzer-
land (Table 1, Fig. 1).
For each rock glacier, information concerning its activity
is available. The activity information from the different in-
ventories was reclassified into the two classes (1) intact and
(2) relict. The inventories from the PermaNET data con-
tain polygon information for each rock glacier. From this
inventories a stratified random sample was selected that re-
sulted in one random point within the polygon for each rock
glacier. For the Yellowknife inventories the centroids of the
rock glaciers were used instead, because polygon informa-
tion was unavailable. Finally, from each of the inventories
an equal number of intact and relict rock glacier samples was
drawn randomly in order to obtain balanced samples.
MARST data from France, Germany, Italy and Switzer-
land contained in the PermaNET inventory were used
(Pogliotti, 2006; Pogliotti et al., 2008; PERMOS, 2010; Cre-
monese et al., 2011) and complemented with additional mea-
surements from Switzerland (Hasler et al., 2011, Table 1,
Fig. 1). All 57 sensors were located in rock walls > 55◦
steep and several meters above flat ground to ensure snow-
free conditions. The data originate from eight areas (Fig. 1)
within which a wide range of aspects and elevations has been
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Fig. 2. Frequencies of intact as opposed to relict rock glaciers conditional on potential explanatory variables. Bar widths in these spinograms
are proportional to the empirical frequency of the given interval of values of explanatory variable. The figure does not account for random
inventory effects.
sampled. Measurement depths are on the order of 10 cm.
The rock types sampled vary between areas and include lime-
stone, granite and gneiss. The attribute data for each logger
contains elevation, slope angle and aspect (measured in the
field) as well as the observation period (logger years) taken
for the calculation of MARST values. With this informa-
tion MARST measurements of single or few years duration
were adjusted to longer-term temperature trends according to
Allen et al. (2009): longer-term MAAT from Piz Corvatsch
(Upper Engadina, MeteoSchweiz, 2010) for the period 1961–
1990 (MAAT =−6 ◦C) were compared with MAAT of the
period corresponding to the specific logger years. The dif-
ference between these temperatures was used to correct the
MARST values. The underlying assumption is that the dif-
ference of MAAT to its longer-term mean and the difference
of MARST to its longer-term mean are equal (cf. Fig. 3.1
of PERMOS, 2010). By using the period of 1961–1990 as
reference, the air temperature warming especially in the past
decade due to climate change is neglected. This leads to an
optimistic estimation (biased towards an overestimation of
permafrost distribution) of MARST, but is in line with the
debris model that also follows an optimistic approach. In
comparison with the high number of rock glaciers available,
57 measurement points are few. They are, however, used
for describing a system that is much less complicated than
rock glaciers because the influence of snow, phase change, a
mixed-media active layer and the downslope displacement of
ice-rich material is minimal or non-existent.
4.2 Explanatory variables
As potential explanatory variables we consider PISR, MAAT,
PRECIP, and a seasonal precipitation index (SEASONAL).
PISR was derived from the Global Digital Elevation Model
(GDEM; Hayakawa et al., 2008) with a grid spacing of 1′′
(approximately 30 m) using RSAGA (Brenning, 2008) and
the algorithm of Wilson and Gallant (2000). PISR was cal-
culated for one year with an hourly temporal resolution and
clear sky conditions (100 % atmospheric transmittance) and
is calculated for a latitudinal extent of 1◦ (6 bands accord-
ing to the total latitudinal extent of our study area). ASTER
GDEM covers the entire Alpine arc and shows an overall
vertical accuracy on a global basis of approximately 20 m at
95 % confidence (USGS et al., 2009).
Alpine-wide MAAT data for the period 1961–1990 (Hiebl
et al., 2009) was provided by the Central Institute for Me-
teorology and Geodynamics (ZAMG, Austria). MAAT is
based on the GTOPO30 elevation model (Center, 1997) with
an approximate resolution of 1000 m and shows a monthly
standard error of less then 1 ◦C (Hiebl et al., 2009). A con-
stant lapse rate of 0.65 ◦C 100 m−1 was used to interpolate
the coarse MAAT based on more precise elevation informa-
tion from the ASTER GDEM.
Alpine-wide monthly precipitation data (Efthymiadis
et al., 2006) is available for 1800–2003, gridded at 10′ reso-
lution (approximately 15 km, available from ALP-IMP, http:
//www.cru.uea.ac.uk/cru/data/alpine/). Based on this data,
PRECIP for the period 1961–1990 was calculated. As po-
tential explanatory variable for the debris model, PRECIP
was centered (cPRECIP) by subtracting its mean value of
1271 mm. Centering PRECIP allows to directly compare the
coefficients of the different models including and excluding
PRECIP as explanatory variable. Additionally, an index de-
scribing the seasonality of precipitation (SEASONAL) was
computed by dividing the mean sum of summer precipita-
tion (May–October) by the mean sum of winter precipitation
(November–April).
For the locations of the MARST loggers, the usage of lo-
cally measured terrain parameters is necessary for the char-
acterization of MARST, because they strongly depend on
micro-topographic radiation effects such as sun exposure or
terrain shading (the resolution of the ASTER GDEM is too
coarse for this purpose.). For increased accuracy, PISR was
therefore calculated following Corripio (2003) based on lo-
cal measurements of elevation, slope angle and aspect. Ad-
ditionally, for the Swiss locations (except the one published
by Hasler et al., 2011) local horizons affecting the obstruc-
tion of solar irradiation were determined using a camera with
www.the-cryosphere.net/6/125/2012/ The Cryosphere, 6, 125–140, 2012
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Fig. 3. Scatterplots illustrating the relation of MARST to MAAT (top left) and of the difference between MARST and MAAT to PISR (top
right) for the 57 MARST values. In the lower panels, the model residuals (mean = 0 ◦C, standard deviation = 1.52 ◦C) of the rock model
are plotted against PRECIP and SEASONAL to visualize possible relations of these two variables.
Table 2. Summary statistics of the randomly sampled points representing potential explanatory variables for the debris model (Q25 lower
quantile, Q75 upper quantile).
Intact rock glaciers (N = 1790) Relict rock glaciers (N = 1790)
Mean Median Q25 Q75 Mean Median Q25 Q75
Altitude [m] 2641 2646 2523 2770 2302 2323 2140 2484
MAAT [◦C] −2.13 −2.17 −2.86 −1.44 −0.12 −0.20 −1.19 0.84
PISR [W m−2] 248 240 188 307 268 270 211 329
PRECIP [mm] 1239 1188 1028 1464 1212 1178 1021 1358
SEASONAL 1.44 1.54 1.07 1.72 1.46 1.54 1.07 1.75
fish eye lens (Gruber et al., 2003) and considered in the PISR
calculations. Further, the MAAT provided by ZAMG was
adjusted for the logger locations using local elevation infor-
mation measured in the field.
5 Alpine-wide permafrost model
This section contains the model calibration and interpretation
for the debris and the rock model. For each sub-model, three
different sets of explanatory variables were used to compute
regression models. Afterwards, the final model was chosen
based on goodness-of-fit-statistics. In the last subsection of
this chapter, the combination of the sub-models is presented.
5.1 Debris model
A total of 3580 rock glacier points (Table 2) were used for
model calibration. While MAAT and PISR in the debris
model show a clear relation to the activity of rock glaciers,
the correlation with precipitation is less obvious in a univari-
ate analysis (Fig. 2). Nevertheless, cPRECIP was included
in the final model based on the high significance of the Wald
test (Table 3). The seasonality of precipitation (SEASONAL)
The Cryosphere, 6, 125–140, 2012 www.the-cryosphere.net/6/125/2012/
102
L. Boeckli et al.: Statistical permafrost distribution model 133
Table 3. Model coefficients (and standard errors in parentheses) of debris models using different sets of explanatory variables, and the
corresponding goodness-of-fit statistics. Debris model 1 was chosen as final model. (The units for the explanatory variables are given in
square brackets for each coefficient.)
Debris model 1 Debris model 2 Debris model 3
Intercept 0.817 (0.192)∗∗∗ 0.821 (0.182)∗∗∗ 1.366 (0.320)∗∗∗
MAAT [◦C] −0.906 (0.046)∗∗∗ −0.882 (0.035)∗∗∗ −0.885 (0.035)∗∗∗
PISR [W m−2] −0.007 (0.001)∗∗∗ −0.007 (0.001)∗∗∗ −0.007 (0.001)∗∗∗
cPRECIP [mm] 0.001 (0.0002)∗∗∗ – –
SEASONAL – – −0.391 (0.187)∗
AUROC 0.91 0.90 0.90
AUROCcv 0.91 0.91 0.90
Inventory-level standard deviation 0.212 0.413 0.442
Residual standard deviation 1.758 1.377 1.372
Significance of Wald test: ∗ < 0.05, ∗∗ < 0.01, ∗∗∗ < 0.001
shows no significant contribution within the debris model
and was therefore omitted for the final model.
The chosen GLMM includes MAAT, PISR and cPRECIP
as fixed effects and the membership of each point in the dif-
ferent inventories as random effects (Table 3). All explana-
tory variables show a high significance (p-value). When con-
sidering random effects, the debris model achieves an AU-
ROC of 0.91, respective 0.91 for the 10-fold cross-validation
(AUROCcv), which both are “outstanding” discriminations
according to Hosmer and Lemeshow (2000).
The coefficients of the final model indicate: a difference
in cPRECIP of 400 mm is identical with a change of 0.52 on
the probit scale. A difference in MAAT of 1 ◦C is equiva-
lent to a probit-change of 0.91. Thus, a change in cPRECIP
of 400 mm is identical to a difference in MAAT of 0.57 ◦C
and leads to a dislocation of the limit between intact and
relict rock glaciers of 88 m (assuming a constant lapse rate
of 0.65 ◦C 100 m−1). An increase of 240 W m−2 (approxi-
mate difference in PISR of a south vs. north exposed slope
with an angle of 30◦) is associated with a decrease of 1.78 on
the probit scale. This change is equivalent to an increase in
MAAT by 1.96 ◦C or approximately 300 m in elevation.
5.2 Rock model
For all 57 locations, MARST are higher than MAAT (Ta-
ble 4, Fig. 3, top left) and the difference between MARST
and MAAT increases with higher PISR (Fig. 3, top right).
PRECIP was not included in the rock model, because the
variable showed no high significance and it deteriorates the
Akaike Information Criterion (AIC), which measures model
fit while penalizing for model size (Table 5; Gelman and Hill,
2007). SEASONAL was omitted from the final model be-
cause its range of values on the present training sample was
too narrow (from 0.76 to 1.66) to allow for an Alpine-wide
application of this empirical relationship (SEASONAL be-
tween 0.50 and 2.47).
Table 4. Summary statistics and Pearson correlations between
MARST and potential explanatory variables for all MARST loca-
tions for the rock model (Q25 lower quantile, Q75 upper quantile).
Mean Median Q25 Q75 Pearson
correlation
MARST [◦C] −1.21 −0.57 −4.70 1.49 –
MAAT [◦C] −5.78 −6.11 −8.58 −3.07 0.70
PISR [W m−2] 183 197 68 275 0.44
PRECIP [mm] 1514 1704 1267 1745 −0.38
SEASONAL 1.15 1.07 0.94 1.25 0.16
The coefficients of the chosen model indicate that MARST
are generally warmer than the corresponding MAAT. An in-
crease in PISR of 240 W m−2 is associated with a decrease
in MARST of 4.6 ◦C and is equivalent to a change in MAAT
of 4.2 ◦C. Thus, a change in slope aspect from south to north
has a similar influence on MARST as a change in elevation
of approximately 650 m.
5.3 Scaling model and model combination
A LIDAR DEM covering South Tyrol (data provided by Au-
tonomous Province of Bolzano – South Tyrol, Italy) with
a resolution of 2.5 m was used to estimate the prediction vari-
ance of the scaling model. The other variance component
was estimated from the rock model. PISR derived from the
LIDAR DEM refers to local, “real world” estimates and can
be compared with PISR values calculated for the rock logger
locations.
The following linear regression was fitted to a random
sample of 28 640 points within South Tyrol above 2000 m
and relates finer-scale (2.5 m, LIDAR DEM) PISR to coarse-
scale values calculated from a reduced-resolution and re-
duced quality (30 m, ASTER GDEM) equivalent:
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Table 5. Model coefficients (and standard errors in parentheses) of rock models using different sets of explanatory variables, and the
corresponding goodness-of-fit statistics. Rock model 2 was chosen as final model. (The units for the explanatory variables are given in
square brackets for each coefficient.)
Rock model 1 Rock model 2 Rock model 3
Intercept 2.506 (1.006)∗ 1.677 (0.573)∗∗ 2.000 (0.573)∗∗∗
MAAT [◦C] 1.055 (0.091)∗∗∗ 1.096 (0.081)∗∗∗ 1.160 (0.083)∗∗∗
PISR [W m−2] 0.019 (0.002)∗∗∗ 0.019 (0.002)∗∗∗ 0.019 (0.002)∗∗∗
PRECIP [mm] −0.001 (0.001) – –
SEASONAL – – −2.87 (0.943)∗
R2 0.82 0.82 0.83
R2adj 0.81 0.81 0.82
RMSE [◦C] 1.56 1.57 1.50
RMSEcv [◦C] 1.69 1.676 1.65
AIC 222.32 221.39 218.361
Residual standard error [◦C] 1.616 1.616 1.561
Significance of Wald test: ∗ < 0.05, ∗∗ < 0.01, ∗∗∗ < 0.001
Table 6. Variance components used for combining the rock and
debris models.
Estimate
σ 2F = averageσ 2pred 2.76
βF,cl 0.022
σ 2C 2108
σ ′2 3.80
PISRF = 3.704+0.931PISRC (15)
This model resulted in an R2 = 0.72 and a residual standard
error of 46 W m−2.
For the two other explanatory variables (MAAT and cPRE-
CIP), no scaling correction was necessary because both
variables show negligible spatial variation within ASTER
GDEM grid cells.
The conservative estimation of σ ′ (Eq. 14) obtained
a value of 1.95 ◦C and was used for converting predicted
MARST into the corresponding probit-based values (Eq. 6).
The individual variance components are displayed in Table 6.
The adjustment parameters 1r (Eq. 2) and the 1d (Eq. 5)
were set to zero. Both models (debris and rock model) were
then combined using Eq. (7). Probabilities of a rock glacier
being intact as opposed to relict, respectively probabilities of
MARST≤ 0 ◦C in steep bedrock, were obtained by applying
the inverse probit transformation (Fig. 4). A sample appli-
cation of the model showing a map-based output product is
presented in Fig. 5.
6 Discussion
6.1 Use and limitations of the model
The presented model approach is based on statistical rela-
tions and thus limited in the ability to represent physical pro-
cesses such as snow redistribution by avalanche and wind
that is known to have an impact on mountain permafrost oc-
currence (Haeberli, 1975; Hoelzle et al., 2001). To account
for the different thermal responses related to surface condi-
tions in two domains (debris and rock cover) an adjustment-
offset 1 can be applied in our model for each sub-domain
model individually (Sect. 3.1). Identifying suitable average
adjustment parameters for each domain is challenging be-
cause of the large spatial variation of the offsets between dif-
ferent locations (Hoelzle and Gruber, 2008).
The explanatory variables MAAT and cPRECIP are de-
rived from existing data sources (Sect. 4.2). PISR estimates
are based on a DEM. For an Alpine-wide model application,
the ASTER GDEM can be used to calculate PISR values. For
regional model application (e.g. South Tyrol, Italy), where
more precise DEM data is available, this could be used to
derive the PISR values. Functions similar to Eq. (15) are
then needed to address the scaling from fine to coarse res-
olution for the debris model. The prediction is also possi-
ble based on two different DEMs: a coarse elevation model
(e.g. ASTER GDEM) for the debris model representing the
mesoscale characteristics of rock glaciers, and a more pre-
cise DEM for the rock model because MARST values more
strongly depend on accurate PISR estimates. The ASTER
GDEM, which is used in this study to calculate PISR and to
rescale MAAT for the debris model, shows limitations in the
Alps when compared to a more reliable DEM (Frey and Paul,
2011). However, no better DEM is available at the moment
for the entire Alps.
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Fig. 4. Predicted probabilities of a rock glacier being intact
(black) and of MARST≤ 0 ◦C in steep bedrock (red) for PISR=
100 W m−2 (solid line) and PISR= 300 W m−2 (dashed line).
A precipitation value of 1271 mm (cPRECIP= 0 mm) was used for
this figure.
The spatial distribution of the rock glaciers used for model
calibration (debris model) nearly covers the entire Alps. In
contrast, only 57 MARST measurements mostly from the
central part of the Alps were available. This inevitably re-
quires a strong generalization of the rock model, especially
regarding the precipitation (Sect. 6.2). The temporal extrap-
olation of MARST values to the period 1961–1990 was ad-
dressed by using long-term MAAT measurements. However,
the corrected data is sensible to inter-annual variability, be-
cause some of the measurement series were only one year
long.
The transition zone between debris covered slopes and
steep bedrock requires further investigation. Some ground
surface temperature (GST) measurements exist in this zone
but as mention in Sect. 2 the large inter-annual variability
makes this data unsuitable for statistical modelling.
6.2 Influence of precipitation
The precipitation variable in the debris model can be seen as
a simple proxy for the amount of snow in a regional context
or the reduction of short wave insolation by cloud cover. The
positive coefficient of precipitation in the regression model
(Sect. 5.1) implies that in areas with higher precipitation,
rock glaciers are more likely to be intact, or equivalently, the
limit between intact and relict rock glaciers tends to shift to-
wards lower elevations. According to our model, this means
that for given MAAT (or elevation in a local context) and
PISR conditions, the boundaries of permafrost occurrence
in debris-covered and wet areas of the Alps are on average
approximately 220 m lower than in relatively dry areas with
1000 mm lower PRECIP. This contrasts with several stud-
ies that state that permafrost boundaries are lower in dry or
continental areas (e.g. Barsch, 1978; King, 1986), but it is
consistent with regional-scale trends in the lower limit of in-
tact rock glacier distribution in the Andes of Central Chile
(Brenning, 2005; Azo´car and Brenning, 2010). Debris rock
glaciers, referring to rock glaciers developed in strong rela-
tion to a glacier (e.g. Barsch, 1996; Hughes et al., 2003), may
offer an explanation for the positive coefficient of PRECIP in
the debris model. However, their precise definition is diffi-
cult and as a consequence their influence on the debris model
cannot be assessed.
The positive influence of precipitation regarding the in-
tactness of a rock glacier is also shown in Fig. 6, where
three different models without precipitation as explanatory
variable for drier, normal and relatively wet areas are com-
pared. The three models were calibrated using three sub-
samples of the entire data set representing drier, normal and
relatively wet inventories (drier: mean PRECIP = 1105 mm,
normal: mean PRECIP = 1291 mm, and relatively wet: mean
PRECIP = 1679 mm). The variable precipitation is not just
significant, but also relevant regarding possible model pre-
diction as shown in Fig. 7. The predicted values modelled
with cPRECIP as explanatory variable differ with a maxi-
mum of 1.5 ◦C (or approximately 200 m of elevation) from
the model prediction without cPRECIP included as explana-
tory variable.
To further investigate possible relationships between pre-
cipitation and the spatial density of rock glaciers, we com-
pared data from two different rock glacier inventories, for
which the inventory perimeters were manually digitized
(IGUL, Tecino, Switzerland and GEOL,Trentino, Italy); in-
ventory boundaries are currently not available for the other
inventories. The results show that rock glacier density in
the Alps tends to be higher in areas with less precipitation
(Fig. 8). This could explain the widespread notion that also
permafrost boundaries occur at lower elevation in dry areas.
The correlation of MARST and precipitation is weak
(Fig. 3, bottom right) and PRECIP shows no significance in
the rock model (Table 5). However, the observed significance
and magnitude of the influence of SEASONAL suggests that
further research on the physical relationship of precipitation
seasonality on rock temperatures would be desirable, and that
a larger rock temperature data basis would allow us to in-
corporate an additional relevant predictor variable into the
model. According to Gruber et al. (2004) the influence of
PISR is larger in dry areas compared to wet areas, especially
in south facing rock walls, but seasonal precipitation patterns
were not included in the study of Gruber et al..
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Fig. 5. Example of the application of the different models. Top left: Prediction of the debris model showing probabilities of permafrost
occurrence. Top right: Predicted MARST values of the rock model. Bottom left: Prediction of an arbitrary surface model (here: probabilities
of steep bedrock occurrence depending on slope angle only). Bottom right: Combination of the three models showing probabilities of
permafrost occurrence.
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Fig. 6. Probabilities of a rock glacier being intact as opposed to relict for drier (mean PRECIP = 1105 mm), normal (mean PRE-
CIP = 1291 mm) and relatively wet (mean PRECIP = 1679 mm) inventories using three different models (dry, mean, wet). The three models
do not include cPRECIP as explanatory variable.
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Fig. 7. Prediction values for the two first models from Table 3 calcu-
lated for a randomly selected probability range of 0.475–0.525 for
intact rock glacier occurrence. Black crosses: debris model with-
out cPRECIP as explanatory variable, red bubbles: debris model
including cPRECIP as explanatory variable.
7 Conclusions
We have presented an approach and statistical model de-
signed to cater for the specific needs of permafrost distribu-
tion estimation for entire mountain regions. Based on this,
rock glacier inventories and MARST measurements were
used to calibrate model coefficients for the European Alps.
By using intact and relict rock glaciers as calibration data,
the prediction of the debris model is biased towards and
overestimation of the permafrost distribution, while the rock
model generally underestimates the current permafrost dis-
tribution. Current data does not permit extending the statis-
tical analyses to other types of surface cover with the same
statistical rigor, as a high number of observations would be
required. This is a fundamental challenge to all statistical
permafrost distribution modelling, and equally to the vali-
dation of physically-based numerical models. However, the
quantitative statistical model presented already contains off-
set terms to allow later subjective adjustment for the exten-
sion to other surface types.
By allowing analyses (i.e. model calibration) in larger ar-
eas, more robust and new insight can be derived because of
more available data and due to larger environmental gradi-
ents covered by one analysis. In this way, a shift of the limit
between intact and relict rock glaciers towards lower eleva-
tion has been detected to coincide with increasing precipita-
tion. This influence of precipitation needs further investiga-
tion because it conflicts with previous but less quantitative
studies. However, this is the first investigation known to the
authors, which systematical analyses the spatial rock glacier
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Fig. 8. Spatial density of rock glacier occurrence in inventories
with high (IGUL Tecino, Switzerland; mean PRECIP = 1900 mm)
and low (GEOL, Trentino, Italy; mean PRECIP = 1072 mm) precip-
itation. The relevant area is calculated for areas above 2000 m of
elevation excluding glaciered areas (data provided by Paul et al.,
2009) and steep slopes (slope angle < 50◦).
distribution in relation to precipitation patterns with a large
data sample in the Alps.
The model presented is build on reliable data and subjec-
tive adjustment is clearly separated from statistical analysis.
In this sense, this paper is a step towards an Alpine per-
mafrost map, but the model and coefficients presented cannot
be directly applied to an entire landscape and they require
subjective adjustments of the offsets 1d and 1˜r. The fol-
lowing steps are needed to use the presented approach for
Alpine-wide model application and to provide a map-based
output product: (a) the definition of offsets terms for surfaces
other than steep bedrock and rock glaciers; (b) the derivation
of scaling functions to correct PISR estimates derived from
different DEMs; (c) the preparation of gridded land cover
maps quantifying the membership in the two classes debris
and bedrock slopes as well as any other surface type consid-
ered with an offset term; and (d) the establishment of a legend
and interpretation guidelines for map users. After the inclu-
sion of offset terms, model results are no longer probabilities
but should be considered to be an index, which describes the
permafrost occurrence per grid cell and than can be shown in
a map (cf. Boeckli et al., 2012).
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Abstract. The objective of this study is the production of
an Alpine Permafrost Index Map (APIM) covering the en-
tire European Alps. A unified statistical model that is based
on Alpine-wide permafrost observations is used for debris
and bedrock surfaces across the entire Alps. The explana-
tory variables of the model are mean annual air tempera-
tures, potential incoming solar radiation and precipitation.
Offset terms were applied to make model predictions for to-
pographic and geomorphic conditions that differ from the
terrain features used for model fitting. These offsets are
based on literature review and involve some degree of sub-
jective choice during model building. The assessment of the
APIM is challenging because limited independent test data
are available for comparison and these observations represent
point information in a spatially highly variable topography.
The APIM provides an index that describes the spatial distri-
bution of permafrost and comes together with an interpreta-
tion key that helps to assess map uncertainties and to relate
map contents to their actual expression in the terrain. The
map can be used as a first resource to estimate permafrost
conditions at any given location in the European Alps in a
variety of contexts such as research and spatial planning.
Results show that Switzerland likely is the country with
the largest permafrost area in the Alps, followed by Italy,
Austria, France and Germany. Slovenia and Liechtenstein
may have marginal permafrost areas. In all countries the per-
mafrost area is expected to be larger than the glacier-covered
area.
1 Introduction
Permafrost in the European Alps is of practical and sci-
entific interest, and the regional estimation of its distribu-
tion is described in numerous studies (e.g. Hoelzle, 1994;
Imhof, 1996; Frauenfelder, 1998; Keller et al., 1998; Gru-
ber and Hoelzle, 2001; Lambiel and Reynard, 2001; BAFU,
2005; Bodin, 2007; Ebohon and Schrott, 2008). Modelling
strategies are not limited to the European Alps but have
been developed for and applied to different mountain re-
gions (e.g. Serrano et al., 2001; Tanarro et al., 2001; Janke,
2004; Lewkowicz and Ednie, 2004; Heggem et al., 2005; Et-
zelmu¨ller et al., 2007; Lewkowicz and Bonnaventure, 2008;
Li et al., 2009; Bonnaventure et al., 2012). Regional per-
mafrost distribution models are typically based on empirical-
statistical relationships and give indications of permafrost
distribution, with limited accuracy demands (Harris et al.,
2009). PERMAKART (Keller, 1992) and PERMAMAP
(Hoelzle, 1992; Hoelzle et al., 1993) were the first mod-
elling approaches in the Alps that related topographic and
climatic variables to the existence of permafrost and that pro-
vided map-based products to visualize permafrost distribu-
tion. Both models have been applied to various regions, and
the basic relationships have been used/adapted for the devel-
opment of further models (Imhof, 1996; BAFU, 2005; Ebo-
hon and Schrott, 2008). As output, both models provide grid-
ded data spatially predicting permafrost occurrence by using
discrete classification schemes.
The existing work for the European Alps cannot easily be
compiled into an Alpine-wide permafrost map, because the
relevant studies (a) usually are regionally calibrated, (b) rely
on differing methods, and (c) exclude large parts of the Alps.
Published by Copernicus Publications on behalf of the European Geosciences Union.
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The present study is aimed to overcome these limitations
and to provide one coherent Alpine Permafrost Index Map
(APIM).
Based on a systematic collection of permafrost evidence
(Cremonese et al., 2011), an Alpine-wide Permafrost MODel
(APMOD) has been developed recently (Boeckli et al.,
2012). Compared to previous studies, APMOD has a unique
data basis that is distributed over the entire Alps. However,
the difficult challenge that all permafrost distribution mod-
els have to deal with is that permafrost as a subsurface phe-
nomenon cannot easily be detected at the terrain surface, and
direct evidence for its presence or absence is generally rare.
Therefore, model development is strongly limited by the type
of calibration data available. As a consequence, the deriva-
tion of a map-based product from statistical models requires
the inference of permafrost conditions in morphological set-
tings other than those used for calibration. This task involves
some degree of subjective choice during model application,
which often is not declared or described in detail in previous
work. This paper complements the study of Boeckli et al.
(2012) by describing the required steps towards and the first
results of an application of the APMOD.
Building upon the formulation of an Alpine-wide per-
mafrost distribution model by Boeckli et al. (2012), the aims
of this paper are
– to create a permafrost map (APIM) displaying index
values based on model-derived probabilities of per-
mafrost presence;
– to evaluate the APIM using independent data and dis-
cuss the general challenges inherent in this evaluation;
– to develop a legend and interpretation key that allow the
efficient use of the APIM as well as the communication
of its most important uncertainties; and
– to provide summary statistics regarding permafrost dis-
tribution in the Alps.
2 A permafrost index based on a probability model
The statistical model that is applied in this study, APMOD,
is described in detail by Boeckli et al. (2012). APMOD is
based on an Alpine-wide evidence collection (Cremonese
et al., 2011) and uses mean annual air temperatures (MAAT),
potential incoming solar radiation (PISR) and the mean an-
nual sum of precipitation (PRECIP) as explanatory vari-
ables. APMOD involves two sub-models for two different
land cover classes: The debris model has been calibrated
using rock glacier inventories and predicts the probability
of rock glaciers being intact as opposed to relict. The rock
model is based on mean annual rock surface temperatures
(MARST) and predicts the probability of finding MARST
≤ 0 ◦C in steep bedrock. Both models are combined based on
fuzzy membership (linear function depending on slope angle,
Sect. 3.1) to the land cover types rock and debris, and allow
the inclusion of temperature offset terms. These offset terms
are required to generalize APMOD to other surface charac-
teristics than those used for model calibration. When applied
to digital elevation models (DEMs) of differing resolution,
scaling functions improve the coherence and comparability
of the results.
The probabilities of permafrost occurrence derived from
APMOD are translated into permafrost index values, because
the term “probability” is misleading and does not communi-
cate the uncertainties and assumptions that are integrated in
the final map-based product: The calibration of APMOD was
not possible for many surface types, because permafrost ob-
servations are not available in sufficient quality and quantity.
To derive a map-based product, we need to infer conditions
where we have no data and the uncertainty of such predic-
tions is difficult to assess. The term permafrost index thus
avoids the notion of probability as we introduce some es-
timated additional factors (temperature offsets) and cannot
evaluate true probability or extent. We suggest that the index
represents an indicator of the probability for permafrost oc-
currence, the spatial percentage of permafrost per cell and/or
the thickness of the permafrost body for current climatic con-
ditions. The index can also be interpreted as a proxy of the
mean annual ground temperature. However, permafrost ex-
tent, thickness or temperature cannot be allocated directly
with the values of the index, because various local and re-
gional processes are neglected or only approximated by the
model.
3 Data and methods
The topographic and climatic variables that are required to
apply APMOD are calculated according to Boeckli et al.
(2012). In the following, data and methods are combined
to derive an Alpine-wide surface cover that is considered
in APIM (Sect. 3.1), and to prepare evaluation data for
APIM (Sect. 3.2). Section 3.3 describes the method to derive
Alpine-wide summary statistics.
The software R (version 2.14.1; R Development Core
Team, 2010) was used for all statistical analyses. Terrain and
geodata analyses were conducted with SAGA GIS (Olaya,
2004), “RSAGA” (Brenning, 2008) and “raster” (Hijmans
and van Etten, 2012) packages for R.
3.1 Surface types
A land cover map defining the two surface types (debris
cover and steep bedrock) for the application of the two sub-
models is required for APMOD. A transition zone with vary-
ing degree of membership for the two surface types is used
where APMOD is applied using a combination of the two
sub-models (debris and rock model). In this paper, additional
surface types are introduced as a spatial basis for addressing
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the offsets and assumptions described in Sect. 4. The follow-
ing land surface types are differentiated and described below:
debris cover, steep bedrock, vegetation and glacier coverage.
3.1.1 Steep bedrock and debris cover
The distinction between these two model domains is based
on slope angle alone: We define an index mr by
m
′
r =
S− Smin
Smax − Smin , (1)
mr =
0 if m
′
r ≤ 0
1 if m′r ≥ 1
m′r otherwise,
which describes the degree of membership in the steep
bedrock surface class, where S is the slope angle of the grid
cell, Smin is a fixed threshold angle up to which only debris
cover occurs, and Smax is the assumed maximum slope angle
up to which the surface may be debris-covered. To be consis-
tent and applying the rock model to the same surface-cover
domain as it was calibrated for, we use the same definition of
steep bedrock as in Boeckli et al. (2012): “Steep bedrock”
is defined as terrain that (a) is not or only marginally af-
fected by a snow cover in wintertime, (b) does not contain
large amounts of blocks and/or debris, and (c) is without
vegetation coverage. Based on a literature review, Pogliotti
(2010) summarizes that slope angles of 35–37◦ represent the
upper limit of usually well snow-covered areas (Smin) and
slope angles of 55–60◦ define the upper limit of snow ac-
cumulation (Smax). Analysing the distribution of slope an-
gle values within training areas representing debris respec-
tively, bedrock cover (Fig. 1) indicates similar values for
the two thresholds based on the data used here. The train-
ing areas were derived from the land cover map of Switzer-
land (Vector25, swisstopo, 2007) using randomly distributed
points (N = 4029 for rock and N = 4381 for debris cover).
Here, the distribution of slope angle values is biased be-
cause bedrock is also possible in flat terrain (e.g. glacier fore-
fields), and the points that are used for this analysis are sparse
for very steep slopes.
Finally, Smin was set to 35◦, which coincides with the
start of a strong increase in the presence of exposed bedrock
(Fig. 1) and Smax was set to 55◦. Slopes with greater slope
angles in the DEM rarely present debris surfaces (Fig. 1),
and these can likely be attributed to errors in the DEM. To
address point (c) above, we assume a debris cover (mr = 0)
if the surface is covered by vegetation (see below).
3.1.2 Vegetation
The discrimination of vegetation from vegetation-free sur-
faced areas is based on the soil-adjusted vegetation index
(SAVI; Huete, 1988) and is derived from Landsat Thematic
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Fig. 1. Conditional density plot for the two surface classes debris
and rock (derived from Vector25) in relation to slope angle. Above,
the number of points that are used for this analysis are shown in
relation to slope angle.
Mapper (Landsat 5) and Landsat Enhanced Thematic Map-
per (Landsat 7) images using red and near-infrared (NIR)
wavelengths. SAVI accounts for the soil-induced influences
on vegetation index values and involves an additional con-
stant L to the formula of the normalized difference vegeta-
tion index (NDVI):
SAVI= NIR – red
NIR + red +L
(1+L). (2)
L was set to 1, since this value is suitable for characteriz-
ing low vegetation densities (Huete, 1988) present in moun-
tainous vegetation. Thirteen scenes cover the entire Alpine
region. Only images taken in August/September/October
were used, since vegetation is still well-developed as evi-
denced by remotely sensed phenology (cf. Fontana et al.,
2008) and snow cover is likely near its annual minimum. For
each of the 13 scene locations, the scene with lowest cloud
cover was chosen (Table 1). After calculating the SAVI val-
ues, all 13 grids were merged (by using the maximum SAVI
value in areas of overlap) and resampled with bilinear inter-
polation to the resolution of ASTER GDEM.
A threshold for discriminating vegetation from vegetation-
free surfaced areas was chosen by analysing SAVI values
in training areas derived from Vector25. The training data
consist of randomly distributed points: 42 797 for vegetation
and 8419 for vegetation-free areas. The Vector25 land cover
classes rock and debris were treated as vegetation-free ar-
eas, while forest, open forest, bush land and remaining areas
were classified as vegetation. Finally, optimizing the κ co-
efficient (Cohen, 1960) as a function of the SAVI threshold,
pixels with SAVI < 0.335 are considered free of vegetation,
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Table 1. Landsat scenes used to calculate the SAVI.
Path Row Date (d/m/y) Sensor
191 27 14/10/2006 Landsat 5
191 28 14/10/2006 Landsat 5
192 27 05/10/2006 Landsat 5
192 28 22/08/2007 Landsat 5
193 27 20/10/2003 Landsat 5
193 28 34/08/2003 Landsat 5
194 27 21/08/2000 Landsat 7
194 28 32/10/2002 Landsat 7
195 27 24/08/2006 Landsat 5
195 28 18/10/2003 Landsat 5
195 29 06/09/2002 Landsat 7
196 28 23/08/2003 Landsat 5
196 29 23/08/2003 Landsat 5
and pixels with SAVI≥ 0.335 are classified as vegetation.
Further, a median filter (3× 3 cells) was applied to remove
artifacts, and all pixels where mr = 1 (steep bedrock) were
considered free of vegetation.
3.1.3 Glaciers
Glacier outlines derived from Landsat images were provided
by Paul et al. (2011). The outlines represent glacier extent in
the year 2003, manually corrected for debris-covered glacier
parts.
3.2 Evaluation of a permafrost index map
The evaluation data are based on rock glaciers and point ob-
servations of permafrost presence and absence. Status infor-
mation (intact vs. relict) of rock glaciers can be used to evalu-
ate the output of APMOD in areas covered by rock glaciers.
As a result of matched sampling, Boeckli et al. (2012) ex-
cluded 394 intact and 2403 relict rock glaciers from model
fitting. They are available for model evaluation in the debris
cover domain (Fig. 2). Further 352 observation points are
available within the permafrost evidence collection (Fig. 2;
Cremonese et al., 2011) that were not used for model calibra-
tion. These observations are based on different methods and
were classified as permafrost presence or absence by each
individual data contributor. This classification was also rated
by the data contributor with an index that describes the cer-
tainty of this classification (PFcert). The point observations
allow to evaluate the map for other types of surfaces.
An additional measure describing the agreement of the ter-
rain attributes (PFloc) was calculated for each observation
point. This is necessary because some observation points are
not suitable for model evaluation and needed to be excluded
beforehand, which will be discussed in Sect. 6.2. However,
the weighting scheme applied to derive PFloc is based on sub-
jective thresholds.
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Fig. 2. Spatial distribution of permafrost evidence data (Cremonese
et al., 2011), which were not used for model calibration in Boeckli
et al. (2012) and are thus available for evaluation. Blue dots repre-
sent rock glaciers, and red crosses represent evidence points (sum-
marized in Table 3).
Table 2. Thresholds and corresponding weights per variable that
were used to characterize the agreement of the terrain attributes
(PFloc) for the evaluation data. The weight for the variable aspect
for slope angles ≤ 15◦ (derived from ASTER GDEM) was fixed to
2, because uncertainties in this variable are large for flat terrain.
Weights Elevation Slope angle Aspect
(m) (◦) (◦)∗
2 < 100 < 10 < 25
1 100–250 10–25 25–50
0 > 250 > 25 > 50
∗ Only applied to observations with a slope angle > 15◦.
The terrain variable elevation, slope angle and aspect were
derived from the digital elevation model ASTER GDEM
(Hayakawa et al., 2008) for all 352 observation points and
then compared to the values that were manually entered by
the data provider into the permafrost evidence database. It is
not possible to automatically differentiate errors in the evi-
dence metadata from the effects of sub-grid variability with
this method. It is, however, useful to have this index of to-
pographical agreement for the interpretations of differences
in the comparison and for further investigating possible er-
rors in the evidence data. Differences in aspect values (1A)
were calculated using the absolute difference between aspect
angles modulo 360◦ in the interval (−180◦, 180◦). Absolute
differences in elevation, slope and aspect angle (Fig. 3) were
used to manually define thresholds and to weight these differ-
ences (Table 2). The weight of the variable aspect was disre-
garded for slope angles ≤ 15◦, because uncertainties in this
variable are large for flat terrain. Multiplying the assigned
weights for the three measures elevation, slope angle and
aspect for each observation results in values ranging from
0 to 8, where a value≥ 4 is classified as “agree”, a value
of 1–2 “disagree” and a value of 0 “strongly disagree” (Ta-
ble 3). The multiplication of the three weights implies that an
The Cryosphere, 6, 807–820, 2012 www.the-cryosphere.net/6/807/2012/
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Fig. 3. Absolute difference between terrain variables calculated
based on ASTER GDEM and the ones provided by the data con-
tributor into the permafrost evidence collection (Cremonese et al.,
2011).
observation with one of the three measures= 0 is classified
as “strongly disagree”, whatever the other two measures are.
Permafrost point-observations with PFcert equals “quite
likely” and PFloc equals “strongly disagree” are not consid-
ered for model evaluation, and the following evidence types
from Table 3 were also excluded from evaluation: (a) ground
surface temperatures were not considered because of the
large inter-annual variability caused by the influence of the
snow cover (Hoelzle et al., 2003; Brenning et al., 2005);
(b) rock fall scars were excluded because only 4 observa-
tions remained after removing observations with PFloc equals
“strongly disagree”; (c) surface movements were not con-
sidered because only four observations are available; and
(d) other indirect evidence was excluded because no ad-
ditional information regarding measurement or observation
type is available.
To assess the discrimination of the permafrost index, the
area under the receiver-operating characteristics curve (AU-
ROC, Mason and Graham, 2002) was measured. This mea-
sure ranges from 0.5 (random discrimination) and 1 (perfect
discrimination).
3.3 Calculation of summary statistics
The term “permafrost index area” will be used to present the
result and refers to the area having an index equal to or higher
than a specified threshold. Glaciers are excluded from the
permafrost index areas. It is important to note the difference
to permafrost area that would be defined as the surface ac-
tually underlain by permafrost (cf. Zhang et al., 2000; Gru-
ber, 2012). The index area is the unit of interest for decision-
making (“Where do I need to consider permafrost?”) and the
actual result of the model presented. Permafrost area may be
important, e.g. for estimating water storage in subsurface ice,
but is more difficult to support by reliable data.
Pixel area of the unprojected ASTER GDEM grid de-
pends on latitude (φ) and the mean radius of the Earth (R =
6371 km). North–south (1y) and west–east (1x) for the 1′′
spherical grid were used to calculate the area:
1y = piR
648 000
and 1x = cos(φ)1y (3)
4 Estimation of offset terms
The MARST used for model calibration were measured in
homogenous rock following the procedure outlined in Gru-
ber et al. (2003). This provides a quantification of the influ-
ence of topography on rock temperatures, but likely temper-
atures at greater depth in most rock faces are lower due to
effects of snow, debris and fracturing (Gruber and Haeberli,
2007). To address this, a temperature-offset term is included
in the rock model that is based on literature: Measurements in
the Swiss Alps showed that the spatial variation of tempera-
ture offset in rock faces is large and mainly depends on (a) ra-
diation exposure (Hasler et al., 2011), (b) snow depth and its
timing (cf. Pogliotti, 2010) and (c) the amount and charac-
teristics of cleft systems at the rock surface (Hasler et al.,
2011). Summarizing these three factors, Hasler et al. (2011)
postulate that radiation-exposed steep rock faces with inter-
spersed snow patches and/or large fractures are up to 3 ◦C
colder at depth (i.e. in the order of a few meters) compared
to MARST in snow-free and compact rock. In north-exposed
situations, the effect of snow and/or fractures is less impor-
tant, because short-wave radiation is less dominant. Based
on these findings, the offset term 1R was implemented as a
linear function of PISR and applied to the rock model:
1R =Omin +PISROmax −Omin350 W m−2 , (4)
where Omin is the minimal and Omax is the maximal off-
set for pixels where PISR= 350 W m−2. The percentile of
350 Wm−2 is 0.88 in the cumulative distribution function of
PISR values.Omin was set to−0.5 andOmax =−2.5. Spatial
variation of 1R is not considered.
The debris model provides an optimistic estimate (biased
towards an overestimation) of permafrost occurrence in de-
bris surfaces because of three main rock glacier characteris-
tics: (a) cooling effect of coarse block surface (e.g. Haeberli
et al., 2006), (b) rock glacier movement towards lower eleva-
tions (e.g. Barsch, 1978), and (c) delayed response of ice-rich
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Table 3. Overview of the different observation types (BH: borehole, GST: ground surface temperature, SC: rock fall scar, TR: trench and
construction site, SM: surface movement, GP: geophysical investigation, OIE: other indirect evidence) that remain for evaluation. For each
type, the number of permafrost-existence (PFyes) and permafrost-absence (PFno) observations is given (Certainty levels PFcert: 1 definite
proof, 2 quite certain, 3 quite likely; Agreement levels PFloc: a agree, d disagree, s strongly disagree).
Type PFyes PFcert (1/2/3) PFloc (a/d/s) PFno PFcert (1/2/3) PFloc (a/d/s)
BH 45 36/6/3 22/3/20 16 11/5/0 11/1/4
GST 49 18/25/6 37/3/9 41 3/16/22 34/1/6
SC 36 6/30/0 3/1/32 – – –
TR 38 25/12/1 22/0/16 9 3/6/0 6/2/1
SM 4 2/2/0 3/ 0/1 – – –
GP 70 29/35/6 61/4/5 11 3/8/0 11/0/0
OIE 33 7/19/7 23/4/6 – – –
Table 4. Temperature offsets (◦C) that were applied to the different
surface types. A positive sign means a positive temperature offset is
applied, which results in a more pessimistic permafrost estimate. A
negative sign means a more optimistic permafrost estimate.
Surface cover 1R 1Da 1Db total offset
Steep bedrock [−0.5, −2.5] – – [−0.5, −2.5]
Debris cover – 0.5 – 0.5
Vegetation – 0.5 2 2.5
permafrost to climatic forcing (e.g. Frauenfelder et al., 2008).
Consequently, it is desirable to find relationships to infer con-
ditions below surfaces other than rock glaciers. The first two
sources of bias are considered in this study, while the third
remains unaccounted for due to a lack of information that
would allow its estimation.
By moving down-slope, a rock glacier transports a cold
and ice-rich mass from its rooting zone to conditions that
may be less favourable for the formation of permafrost. The
melting of ice as a result of an increase in active layer thick-
ness can thus exert a cooling influence at depth and preserve
permafrost where it would not form without the advection
of ice-rich material. We approximate the magnitude of this
effect by the altitudinal extent of rock glaciers, i.e. the dif-
ference in elevation between the lowest and highest point of
each rock glacier, assuming that in the Alps only the rooting
zone of a rock glacier shows conditions for the development
of ice-rich permafrost. For the 5541 rock glaciers in the in-
ventory of Cremonese et al. (2011), the mean altitudinal ex-
tent is 139 m. In APMOD, a random point within each rock
glacier is taken for model calibration (Boeckli et al., 2012),
which, on average, corresponds to the centroid of the rock
glacier. Accordingly, the altitudinal extent is divided by two
resulting in a bias correction of 70 m, which corresponds to
an approximate difference in MAAT of 0.5 ◦C (assumed sur-
face temperature lapse rate 0.0065 ◦C m−1, cf. International
Organization for Standardization, 1975). This value is chosen
for the movement-related offset (1Da) and applied to the de-
bris model.
A surface cover of coarse blocks with no or little infill
by fine material usually results in markedly colder MAGT
than, for example, fine moraine-derived soil or solid bedrock.
This effect has been measured and discussed by several re-
searchers (e.g. Humlum, 1997; Harris and Pedersen, 1998;
Gorbunov et al., 2004; Hanson and Hoelzle, 2005; Gruber
and Hoelzle, 2008; Gubler et al., 2011). Ground temperatures
of coarse blocks in comparison to finer grained material may
be 1.3–2 ◦C (Juliussen and Humlum, 2008) to 4–7 ◦C (Har-
ris and Pedersen, 1998) colder. 1.6 ◦C to 2.2 ◦C reduction of
MAGT with respect to finer grained material was observed
during one year at Corvatsch (Switzerland) for a large data
set containing 390 temperature sensors distributed in 39 foot-
prints (Gubler et al., 2011). Accordingly, an offset of 2 ◦C
(1Db) is implemented in the debris model to address the ef-
fect of coarse blocks.
While 1Da is applied to the whole domain of the debris
model, 1Db is applied to vegetated areas only, because these
areas are normally characterized by fine-grained debris and
can be detected by remote sensing for the entire Alps. Several
studies indicate that, in the European Alps, a closed vegeta-
tion cover usually indicates the absence of permafrost (Hae-
berli, 1975; Hoelzle et al., 1993). This relationship is not nec-
essarily true in all situations (e.g. Delaloye et al., 2003), but
provides a valuable indication. In the context of APIM, we
regard a closed vegetation cover to be indicative of fine ma-
terial and thus the absence of open-work block cover. There-
fore, the above-mentioned offset (1Db) addressing coarse
blocks is applied to account for thermal differences between
non-vegetated and vegetated areas.
5 Results
5.1 Interpretation key for the permafrost index
A sample map of APIM is shown for the entire Alps (Fig. 4)
and the Rimpfischhorn in Switzerland (Fig. 5). The map
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Fig. 4. Alpine Permafrost Index Map (APIM) shown for the European Alps (AT: Austria, CH: Switzerland, DE: Germany, FR: France, IT:
Italy, SL: Slovenia). The map should be interpreted together with the legend and interpretation key (Fig. 10).
should be used with the provided legend and interpretation
key (Fig. 10). An additional map showing the surface types
(Fig. 6) is necessary in order to understand the statistical
model parameters and to interpret the shown index value
more accurately.
The aim of the interpretation key provided with the per-
mafrost index map is to allow efficient use and understand-
ing of the map and to communicate the most important un-
certainties for practical use, e.g. by public authorities or for
infrastructure planning and maintenance. It consists of three
parts: (a) the legend itself and an accompanying text, (b) an
interpretation key that allows to refine the estimate shown
in the map based on additional surface cover observations
(e.g. based on air photo interpretation), and (c) a description
and a legend explaining the auxiliary surface-cover map pro-
vided (Fig. 10). The index varies from “permafrost in nearly
all conditions” to “permafrost only in very favourable con-
ditions” and describes semi-quantitatively the occurrence of
permafrost. The term “very favourable conditions” refers to a
situation (topography and ground characteristics) that locally
modifies favourably conditions for permafrost presence. The
terms used in the legend communicate to some degree an un-
certainty in the map, and they consequently allow for further
interpretations.
A different map signature is used for glaciers, which are
by definition not permafrost, although cold glaciers can have
permafrost conditions at their bed (e.g. Haeberli, 1976; Luthi
and Funk, 2001) and the development of permafrost after
the disappearance of temperate glaciers is possible (Kneisel
et al., 2000).
The accompanying text describes the most important limi-
tations of the map and explains the usage of the interpretation
key. Based on the pictures and the text of the interpretation
key, the map user should be able to understand and apply this
additional information. A “call for feedback” was sent to sev-
eral permafrost researchers in Europe. Seven replies helped
improve the legend and interpretation key.
5.2 Evaluation of the permafrost index map
Comparing the final map index with the distribution of in-
tact and relict rock glaciers shows the model performance in
debris-covered areas (Fig. 7). 1863 of the 2403 relict rock
glaciers and 42 of the 395 intact rock glaciers show no index
value and permafrost is expected to be absent. The majority
(68 %) of the remaining 540 relict rock glaciers lies within a
permafrost index < 0.4, whereas most (63 %) of the remain-
ing 353 intact rock glaciers are located in areas with an in-
dex > 0.5 (mean index equals 0.58). The discrimination of
rock glacier status based on predicted permafrost index val-
ues results in an AUROC of 0.78 that is an acceptable value
according to Hosmer and Lemeshow (2000).
The predicted permafrost index values for borehole tem-
peratures, geophysical investigations and trench or construc-
tion sites cover the entire range from 0 to 1 for permafrost-
existence observations (Fig. 8) with mean index values of:
0.80 (borehole temperatures), 0.32 (geophysical investiga-
tions) and 0.38 (trench or construction sites). The index val-
ues of the permafrost-absence observations range from 0 to
0.44, except for one construction site. The discrimination
for these tree observations types shows an AUROC = 0.6.
When neglecting the offset terms discussed in Sect. 4, the
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Fig. 5. Alpine Permafrost Index Map (APIM) shown for the area surrounding Rimpfischhorn (4199 m, red triangle) and Allalinhorn (4027 m,
yellow triangle) in Switzerland. The map should be interpreted together with the legend and interpretation key (Fig. 10).
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Fig. 6. Surface cover map showing the vegetation mask and the surface class index mr (Eq. 1) for the same area as Fig. 5. To grid cells
with a slope angle ≤ 35◦ the debris model, for slope angles ≥ 55◦ the rock model is used. In between, a fuzzy membership (linear function
depending on slope angle) is applied in order to provide a complete spatial coverage of APIM.
AUROC results in 0.56. If the offset term 1Db is applied
based on local terrain and vegetation information provided
by Cremonese et al. (2011) instead of vegetation information
derived from SAVI, the AUROC results in 0.67.
5.3 Calculation of summary statistics
The area potentially influenced by permafrost in the Alps
(43◦–49◦ N, 4◦–16◦ E) ranges from 2000–12 000 km2 (Ta-
ble 5), and the meaning of this range will be discussed in
Sect. 6. The largest extent of permafrost is between 2600 and
3000 m depending on the index chosen as threshold, whereas
the largest area of glaciers is located above 3000 m (Fig. 9).
The offset 1Db that is applied to the debris model for all
vegetated pixels plays an important role regarding the final
output map or summary statistic. Neglecting 1Db increases
Table 5. Estimated permafrost index areas for the entire Alps. The
relative area refers to the total area of the Alps (ca. 200 000 km2).
Permafrost Total area Relative area
index (km2) (%)
≥ 0.1 11 627 6
≥ 0.5 6220 3
≥ 0.9 2007 1
Glaciers 2056 1
the potential permafrost area in the entire Alps by approxi-
mately 20 %, respectively 3147 km2 (calculated for an index
≥ 0.1, Table 6).
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Fig. 7. Permafrost index values for intact and relict rock glaciers
that were not used for model calibration. A random point within
each rock glacier polygon was used for this figure.
Fig. 7. Permafrost index values for intact and relict rock glaciers
that were not used for model calibration. A random point within
each rock glacier polygon was used for this figure.
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Fig. 8. Box plots showing predicted permafrost index values for
the evidence types “Borehole temperatures” (BH), “Geophysical
investigations” (GP) and “Trench or construction sites” (TR) for
permafrost-existence (1) and permafrost-absence observations (0).
According to this analysis, Switzerland is the country that
contains the largest permafrost area (Table 7). In Italy and
Austria also large permafrost areas exist.
6 Discussion
APIM is based on a larger calibration data set in comparison
with other map-based products. Further, existing permafrost
Table 6. Estimated permafrost index areas for the Alps calculated
without the offset 1Db = 2 ◦C for vegetated areas. 1A refers to the
difference in area between estimated permafrost distribution calcu-
lated with (Table 5) and without offset 1Db.
Permafrost Total area 1A
index (km2) (km2)
≥ 0.1 14 774 3147
≥ 0.5 6566 346
≥ 0.9 2011 4
distribution models are calibrated for a specific spatial do-
main or surface type (e.g. using basal temperature of snow
(BTS, Haeberli, 1973) measurements in gentle terrain) but
later applied to a whole mountain range. This spatial extrap-
olation that is required for every spatially distributed per-
mafrost model is done in a transparent manner in this work
by introducing temperature offsets (Sect. 4).
6.1 Interpretation of permafrost index area
The comparison of permafrost index areas obtained in this
study with estimates from the literature is complicated by
differences in terminology and methods used. Considering
index values ≥ 0.5 is one possible assumption to estimate
the area affected by permafrost (see Table 7). For Switzer-
land, the estimated permafrost area then results in 2163 km2.
For comparison, Keller et al. (1998) estimated the permafrost
area in Switzerland to range from 4–6 %, which corresponds
to approximately 1651–2477 km2. In Austria, 1600 km2 were
assigned to mountain permafrost by Ebohon and Schrott
(2008) and our estimate is 1557 km2. For France, a value of
1200 km2 is published (PERMAFRANCE, 2010), whereas
our estimate is 703 km2.
These estimates are consistent but subject to uncertainties
and face the problem of differing or missing definitions for
“permafrost area” as described in Sect. 3.3.
6.2 Evaluation of APMOD
Existing data (Sect. 3.2) allow to evaluate the map for differ-
ent surface types, but the following challenges remain: (a) the
number of observations is very small compared to the study
area, and the observations are strongly biased towards per-
mafrost existence; (b) even less evidence in steep bedrock
as well as in intermediate slopes between debris cover and
steep bedrock is available; (c) when combing data of differ-
ent research groups, based on different techniques and co-
ordinate systems, the quality and consistency of the data is
a major challenge and errors (e.g. shift in coordinates) can-
not be excluded; (d) while the output of APMOD is grid-
based with cells having an area of approximately 900 m2, the
observations represent point information within a complex,
spatially variable mountain topography. This problem relates
www.the-cryosphere.net/6/807/2012/ The Cryosphere, 6, 807–820, 2012
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Table 7. Estimated permafrost index areas (km2) for the Alpine
countries using different index values, and comparison to glacier
area (CH: Switzerland, IT: Italy, AT: Austria, FR: France, DE: Ger-
many, SLO: Slovenia, FL: Liechtenstein).
Country Index ≥ 0.1 Index ≥ 0.5 Index ≥ 0.9 Glaciers
CH 3710 2163 754 1010
IT 3353 1786 569 441
AT 2907 1557 484 340
FR 1587 703 199 265
DE 44.1 7.6 0.8 0.6
SLO 25.7 3.6 0.1 0.0
FL 0.3 0.0 0.0 0.0
Total 11 626 6220 2007 2056
to sub-grid variability and scaling issues (cf. Gubler et al.,
2011). To address point (c) and (d), PFloc was introduced in
Sect. 3.2 to exclude unsuitable evaluation data in this context.
The evaluation of APMOD shows that the prediction of
the model is reasonable for rock glaciers and boreholes.
For “trench or construction sites” as well as for “geophys-
ical investigations,” the predicted permafrost index values
are in general too low for permafrost presence, but the dis-
crimination of permafrost absence and presence is correct.
All three observation types show low index values for per-
mafrost presence, which means that permafrost is also pos-
sible at low index values. Partly, this distribution of index
values can be explained by the bias towards permafrost ex-
istence observations (mean index value of all observations
from Fig. 8= 0.35) induced by the tendency of permafrost
researchers to choose locations that do have permafrost. The
discrimination of the model is slightly worse when the offset
terms are not included, which supports our chosen strategy
to include them. Further, the model performance increases
when introducing local terrain and vegetation information
to apply the offset terms. This highlights the importance of
small-scale heterogeneity and the potential to improve the
model’s prediction by using the interpretation key and site
observations.
6.3 Uncertainties and limitations of APMOD
The temperature offsets used in this study are based on a
qualitative assessment of recent literature and on the assump-
tion of spatial and temporal invariance in the model domain.
We consider these assumptions and estimates to be the best
possible guess given the information available at this time.
The radiation dependent offset (1R) that is included in
the rock model ranges from −0.5 ◦C (minimal PISR) to
−2.84◦C (maximal PISR), which corresponds to an al-
titudinal shift of 77–437 m (assumed surface temperature
lapse rate of 0.0065 ◦C m−1). Minimal and maximal offset
terms are based on investigations by Hasler et al. (2011),
but the dependencies based on radiation represent a strong
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Fig. 9. Altitudinal distribution of permafrost index areas in the Alps,
calculated for elevation bands of 50 m.
simplification because no information of the surface and sub-
surface characteristics is available here. Therefore, the max-
imal uncertainty of the offset within the rock model is de-
rived from the difference between minimal and maximal off-
set terms and is estimated to be 2.34 ◦C (e.g. an altitudinal
shift of the lower permafrost limit of ±360 m).
The movement-related offset within the debris model is
+0.5 ◦C, respectively 70 m, and is based on the mean alti-
tudinal extent of the analysed rock glaciers. The standard
error of this mean value is given by the standard deviation
of the sample (81 m) divided by the square root of its quan-
tity (N = 5541) and results in 1.1 m. However, local vari-
ability of rock glacier extent is not accounted for with this
movement-related offset.
The effect of coarse blocks is addressed in the debris
model with an offset of 2 ◦C. Here, we assume that the sur-
face characteristics of rock glaciers are constant and we ne-
glect the fact that rock glaciers with fine-grained material
also exist in the Alps (e.g. Matsuoka et al., 2005). As dis-
cussed in Sect. 4, published values for this cooling effect
range from 1.3 ◦C (Juliussen and Humlum, 2008) to 7 ◦C
(Harris and Pedersen, 1998). Thus, we assume this tem-
perature offset to vary between −0.7 ◦C and +5 ◦C, corre-
sponding to an altitudinal variation of the order of −153 to
+770 m.
The discussed uncertainties in the offset terms are large
and influence the final permafrost distribution on the map.
However, the interpretation key allows the map user to cap-
ture some of these extreme topographical situations and to
refine the estimate of the map. Isolated permafrost patches
in densely vegetated areas and/or below tree line (cf. Gruber
and Haeberli, 2009) are not considered in APMOD, but are
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Alpine Permafrost Map: Legend, Interpretation Key and Auxiliary Information
Interpretation Key
Blue: 
Purple: 
Yellow:
Glacier 
Permafrost in nearly 
all conditions
Permafrost mostly in 
cold conditions
Permafrost only in very 
favorable conditions
Clast size, soil properties and vegetation 
A cover of coarse blocks with open voids and no infill of fine material (A) 
indicates cold conditions. Bedrock, fine-grained soil or soil with coarse 
blocks but an infill of fines (B) indicate warm conditions. A dense vegetation 
cover (C) usually indicates the absence of permafrost. 
Slope position and long-lasting snow-patches  
The position along a slope can affect ground temperatures through the 
sorting of clasts, air circulation within the slope, and snow re-distribution. 
Often, the foot of slope (E) has colder ground temperatures. It contains 
more coarse material and is affected by long-lasting avalanche snow. 
Similarly, other late-lying snow patches indicate locally cold conditions. 
The top of slope (F) often has locally rather warm conditions. Frequently, it 
contains smaller clasts as well as an infill of fine material.
Steep rock slopes
Steep rock slopes have differing degrees of heterogeneity caused by 
micro-topography and fracturing. Higher heterogeneity (G) often enables a 
thin snow cover as well as ventilation and deposition of snow in large 
fractures, indicating locally cold conditions. Steep, smooth and largely 
unfractured rock (H) is indicative of warmer conditions. This effect is more 
pronounced in sun-exposed than in shaded locations. 
A
C
B
E
F
G
H
Rock glaciers 
Active (intact) rock glaciers (D) are 
identified by signs of movement such as 
steep fronts. They are reliable visual 
indicators of permafrost within their 
creeping mass of debris but do not 
allow easy conclusions on adjacent 
areas.
D
Map Legend
This map shows a qualitative index describing how 
likely permafrost exists. It is consistent for the entire 
Alps and intended for practical use for infrastructure 
planning and maintenance.
Some important local factors such as sub-surface 
material or snow conditions are not or only approx-
imatively accounted for in the map. However, they 
can cause strong differences in ground temperature 
in otherwise equal topograhic situations. For this 
reason, the map legend is accompanied by the
interpretation key, shown on the right, that can be 
used to locally further refine the estimate shown on 
the map. As an example, one would not expect 
permafrost in fine material (B) or in homogeneous 
rock (H) where a yellow signature is shown on the 
map. In special circumstances, permafrost can exist 
outside the area of the color signature shown. The 
map shows estimated conditions; more certainty can 
locally be achieved by e.g.,  geophysics or  
boreholes.
Auxiliary Information 
An additional map shows the surface types that were 
used. This allows comprehending the applied models 
(debris and rock model) and offset terms. To grid 
cells with a slope angle ≤ 35° only the debris model is 
applied, for slope angles ≥ 55° the rock model is 
used. In between, a fuzzy membership function is 
calculated. 
1: Steep Bedrock (slope angle ≥ 55°)
0: Debris Cover (slope angle ≤ 35°) 
2: Vegetation
Fig. 10. Legend, interpretation key and auxiliary information that is provided with the Alpine Permafrost Index Map (APIM). This informa-
tion helps to assess map uncertainties, to relate map contents to their actual expression in terrain and to comprehend the applied models and
offset terms.
of minor importance for an Alpine permafrost distribution
map.
The classification of the surface types as described in
Sect. 3.1 is based on simple approaches, and we distin-
guish between rock, debris, vegetation and glacier cover.
Especially the first two surface types are often hard to dif-
ferentiate, and all kinds of mixture forms exist in reality.
The chosen approach allows classifying these surface types
Alpine-wide. For local model application, a more accurate
land surface map could be used instead.
APMOD does not account for the recent warming in air
temperatures due to climate change and represents a static
snapshot of potential permafrost distribution. This is justified
because the deviation of an updated and transient permafrost
distribution would require knowledge of subsurface ice con-
tent that can preserve permafrost conditions for decades. For
the purposes of this map (“Where do I need to consider
permafrost?”), a steady-state distribution is therefore suffi-
cient and will likely remain relevant in the coming decades.
The rock model was adjusted with longer-term mean an-
nual air temperatures for the period 1961–1990, and pre-
dicted MARST values correspond to the same period. Rock
wall temperatures react rapidly to climate change (Gruber
and Haeberli, 2007), whereas rock glaciers respond with de-
layed air temperatures due to high ice content (e.g. Haeberli
et al., 2006) and coarse blocky surface. Additionally, tran-
sient effects, as well as three-dimensional topographical ef-
fects, can be responsible for colder temperatures at larger
depth than expected based on today’s climate conditions
(Noetzli and Gruber, 2009). In the final map (APIM), glacier
outlines from the year 2003 were used. Because glaciers are
subject to fast changes, recently de-glaciated areas need be
assessed with caution (cf. Kneisel, 2004; Kneisel and Ka¨a¨b,
2007).
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7 Conclusions
The statistical model of Boeckli et al. (2012) was applied
to estimate the current permafrost distribution in the Euro-
pean Alps. This is the first uniform modelling approach that
includes all Alpine countries. The Alpine Permafrost Index
Map (APIM) uses a grid spacing of approximately 30 m and
an index ranging from 0 to 1. A high index value points to
permafrost in nearly all conditions, and a low index value
means permafrost exists only in locally very favourable con-
ditions. Together with the legend and interpretation key, this
product should be useful for both researchers and stakehold-
ers to estimate the permafrost distribution for a given region
in the European Alps. The main conclusions from this study
are the following:
– The transition of a statistical permafrost distribution
model to a permafrost map requires a generalization
of the model to other surface types than those used
for model calibration. Therefore, additional offset terms
were defined qualitatively based on the literature; how-
ever, they involve some degree of subjectivity. That is
why the map is based on index values and not on pure
probabilities.
– Evaluation of spatially distributed models predicting
permafrost is challenging because test data are limited
and its distribution biased towards permafrost presence.
For future model calibration and evaluation, ground
truth data need to be collected using a suitable sampling
design in order to avoid site selection bias inherent in
convenience sampling.
– Calculated permafrost index areas provide an indication
of possible permafrost extents in different subregions of
the Alps. The relative area of permafrost occurrence in
relation to the total area of the Alps is estimated to be
3% when considering an index ≥ 0.5.
8 Data availability
The APIM is freely available for download at: http://doi.
pangaea.de/10.1594/PANGAEA.784450 in georeferenced
png format. Additionally, the interpretation key (Fig. 10) and
the surface-cover map (cf. Fig. 6), which define the used
vegetation mask as well as the distinction of debris cover
and bedrock based on slope angle, are available. Alterna-
tively, all data are available as a kmz overlay for Google
Earth and as a Web Mapping Service for use in a GIS en-
vironment (accessible at: http://www.geo.uzh.ch/microsite/
cryodata/PF map explanation.html).
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Abstract1
The ice content of permafrost in the European Alps is largely unknown and with it the2
relevance of permafrost as a water storage. In this study a simple approach to estimate the3
total amount of permafrost ice in the European Alps is presented. It distinguishes between4
three different surface types (bedrock, debris and intact rock glaciers), and for each surface5
type an average depth profile of its characteristics is defined. Based on mean annual ground6
surface temperature, the permafrost thickness is estimated using an analytical solution to7
the heat conduction equation and a solution to compute the depth of the freezing front8
(Stefan Solution) for bedrock and debris. The estimation of the ice content of intact rock9
glaciers is based on average rock glacier characteristics (depth and volumetric ice content)10
from the literature. The areal extent of bedrock and debris cover is distinguished using11
slope angle thresholds and satellite imagery. The spatial density of intact rock glacier12
occurrence is estimated using eight rock glacier inventories. The total water equivalent of13
permafrost ice in the European Alps is estimated to be 24–28 km3, which is approximately14
one-fourth of the glacier ice volume. According to a sensitivity analysis, the final estimate15
of permafrost ice in the Alps mainly depends on the physical parameterization of debris16
and the calculation of near ground surface temperature.17
∗lorenz.boeckli@geo.uzh.ch
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1 Introduction1
The ice content of permafrost and seasonally frozen ground influences water storage and2
runoff processes. To assess its relevance in a regional or global (i.e. contribution to sea3
level rise) context, first the total amount of permafrost ice needs to be estimated. For most4
regions, the amount of ice stored in permafrost is insufficiently known and its evolution in5
time remains unclear. This is especially true for mountain regions, which have an increased6
spatial heterogeneity of ground composition and permafrost extent. Existing studies focus7
on (a) the estimation of ice content in high or low latitude permafrost (Vtyurin, 1973;8
Pollard and French, 1980; Seguin and Frydecki, 1990; Couture and Pollard, 1998; Ermolin9
et al., 2004; Zhang et al., 2008), and (b) the ice content of rock glaciers for an entire10
mountain range (Barsch, 1977; Brenning, 2005; Bolch and Marchenko, 2006; Azo´car and11
Brenning, 2010). The former studies (a) are mostly based on rough estimations of the12
areal extent of permafrost and the distinction of morphological landforms with a high-13
volumetric ice content such as pingos. Furthermore, averaged ground-ice versus depth14
profiles are assumed based on borehole information or geophysical investigations and then15
applied to an entire landscape to derive the total ice content. The ice content of rock16
glaciers (b) is estimated by assuming averaged thickness and volumetric ice content, and17
the areal extent of rock glacier is derived based on satellite imagery, existing inventories or18
statistical mapping methods.19
The general aim of this study is to estimate the ice content of permafrost for an entire20
mountain range at the example of the European Alps and to reveal the important influences21
on and sensitivities of such an estimate. This is a difficult task, as mountain permafrost is22
characterized by a high spatial variability and varying volumetric ice content. The latter is23
highly dependent on surface and subsurface characteristics for which reason the distinction24
of different surface types is needed. The analysis of the uncertainties inherent in the25
estimate is important because the spatial generalization of surface and ground conditions26
is performed over large areas. To estimate the ice content for a mountain range, we27
a) distinguish between different surface cover and ground types as they differ in their28
possible ice contents, b) estimate the relevant area of each surface type, c) assume a typical29
stratigraphy per surface type characterizing the thermal properties and its potential ice30
content, and d) estimate permafrost thickness depending on spatially distributed mean31
annual ground surface temperatures (MAGST). The approach is described in the context32
of the European Alps, but can be adapted to other regions.33
The following section contains a review of existing information of permafrost ice content34
documented in individual studies in the Alps. Section 3 provides the methods to a) estimate35
the area of the considered surface types, b) to derive an Alpine-wide gridded MAGST data36
set, c) to calculate the depth of the permafrost base and active layer thickness, and d)37
to estimate thermal conductivity and thermal diffusivity based on ground properties. In38
section 4, the relevant ground properties are described characterizing the different ground39
types. Section 5 contains the results of the sensitivity analysis and the final estimates of40
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the total ice content in the European Alps. Finally, the results and methods are discussed1
(Sect. 5) and the conclusions are drawn (Sect. 6).2
2 Background: Ice content in Alpine permafrost3
Permafrost is defined as ground that remains at or below 0 ◦C for at least two consecutive4
years (van Everdingen, 1998), irrespective of the presence or absence of ice. Problems of5
the definition of permafrost arise especially in continental climates where the distinction6
of permafrost and glacier is not always obvious, because transitions of cold/polythermal7
glaciers, ice-cored moraines and perennially frozen sediments are possible (Kneisel et al.,8
2000; Haeberli et al., 2006). In this study, glacier ice is restricted to occur within glacier9
outlines published by Paul et al. (2011), and only the non-glacierized area, outside the10
glacier outlines, is considered to possibly contain permafrost ice.11
The best-investigated ice-rich permafrost features in the Alps are rock glaciers, ice-12
debris landforms that indicate the existence of present or past permafrost. Intact (active13
and inactive) rock glaciers point to permafrost presence due to their ice content (e.g.14
Haeberli and Hoelzle, 1995; Roer and Nyenhuis, 2007) while relict rock glaciers do no15
longer contain ice, and are indicators for today’s permafrost absence. The hydrological16
significance of rock glaciers has been analyzed by Barsch (1977); Bolch and Marchenko17
(2006); Brenning (2005); Azo´car and Brenning (2010) in a regional context. Boreholes and18
geophysical investigations point to a high volumetric ice content in rock glaciers (Haeberli,19
1985; Vonder Mu¨hll and Holub, 1992; Evin and Fabre, 1990; Burger et al., 1999; Arenson20
et al., 2002; Hausmann et al., 2007). In the European Alps, the spatial distribution of rock21
glaciers has been analyzed by various studies for single regions (Barsch, 1977; Delaloye22
et al., 1998; Frauenfelder, 1998; Hoelzle, 1998; Imhof, 1998; Phillips, 1998; Reynard and23
Morand, 1998; Schoeneich et al., 1998; Nyenhuis et al., 2005). However, no studies so far24
focus on the entire European Alps.25
Next to rock glaciers, talus slopes without signs of movement have the potential to26
contain ice-rich permafrost (examples are shown in Fig. 1). A number of recent studies27
focus on the thermal regime of ventilated talus slopes (e.g. Delaloye et al., 2003; Delaloye28
and Lambiel, 2005; Morard et al., 2008; Phillips et al., 2009) but little information about29
their internal structure and volumetric ice content is available. Typical debris thicknesses in30
talus slopes range from 15 to 50 m (Sass, 2007). Scapozza et al. (2011) analyzed the internal31
structure and ice content of two talus slopes in the Valais, Swiss Alps. Three boreholes32
in one of these talus slopes indicate ice-rich layers up to 50 % per volume. Ground ice33
occurrence of around 20% and saturated conditions were modeled by Hauck and Kneisel34
(2008) using geophysical methods at an Alpine scree slope in Val Bever, Switzerland. To35
our knowledge, analyses of the spatial distribution of ice-rich talus slopes and their ice36
content in a regional context have not been published.37
Moraines often have high ground ice contents and therefore need to be considered here38
3
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Figure 1: Evidence of ground ice in debris covered-area. Left: Exposed ice-cemented
permafrost at 2400 m below the 2005 Dents Blanches (Switzerland) rock fall (photograph
by B. Rey-Bellet), right: buried firn in debris cover at Hoetaelli (3270 m), near Stockhorn,
Switzerland (photograph by O. Wild).
irrespective of the formation mechanism of the ground ice. Ice-cored moraines were first1
systematically described and mapped in Scandinavia (Østrem, 1964). A frozen moraine2
next to the ’Unterer Theodulgletscher, Chli Matterhorn’ (Switzerland) showed an esti-3
mated overall ice content of 75% and a depth of approximately 30 m at the location where4
a pylon for a cable car was built (Keusen and Haeberli, 1983). The frozen moraine ’Col des5
Gentianes’ near the Tortin glacier in the Swiss Alps is characterized by a very heteroge-6
neous internal structure (Lambiel and Baron, 2008) and massive ice lenses were found that7
probably extend down to 10 m depth. In an ice-cored moraine near Zermatt (Switzerland)8
a 2 m thick active layer was observed, underlain by 20–30 m of frozen sedimentary material9
(Hauck et al., 2003). High resistivity values in geoelectrical soundings were interpreted10
to indicate the presence of massive ice within this moraine (Hauck et al., 2003). Further,11
dead-ice in recently deglaciated glacier forefields has been analyzed in the European Alps12
by Kneisel (1998); Ka¨a¨b and Kneisel (2006); Kneisel and Ka¨a¨b (2007). In such areas,13
permafrost is expected to occur in isolated patches only. The areal extent of recently14
deglaciated glacier forefields can be estimated using glacier inventories from different years15
(e.g. Paul et al., 2011); however, hardly any field evidence of ground ice occurrence is16
available. Subglacial permafrost is less relevant as ice storage than the glaciers covering it.17
Additionally, only few cold-based glaciers exist in the Alps that would allow permafrost18
occurrence within their bed (Haeberli, 1976; Lu¨thi and Funk, 2001).19
A review of massive ice in bedrock for the European Alps by Gruber and Haeberli20
(2007) lists individual observations (examples are shown in Fig. 2), but no estimates of21
bedrock ice content for a larger area are available. Ice in bedrock is contained in fractures22
and matrix porosity. The fracture porosity (or degree of jointing) is highly heterogeneous23
4
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Figure 2: Evidence of permafrost ice in bedrock. Left: Ice-filled crack in bedrock that
has been exposed during construction activities at Stockhorn, Switzerland, right: massive
ice visible in a rock fall detachment zone after a rock fall at Liongrat, Matterhorn, Italy
(photograph by L. Trucco).
and difficult to measure and estimate (Palmstrom, 2005; Tiab and Donaldson, 2012).1
Beside the above described typical permafrost locations, extrazonal permafrost exists2
in Europe and has been analyzed by various studies (e.g. Christian, 1987; Kneisel et al.,3
2000; Luetscher et al., 2005; Morard et al., 2008; PERMOS, 2010). However, its spatial4
occurrence and total ice content is assumed not to be relevant when compared to the5
involved uncertainties of our approach.6
3 Approach and methods7
In general, the ice volume (ICE) of permafrost for a homogeneous spatial unit can be8
calculated as:9
ICE = A(ZP − ZALD)I, (1)
where A is the planimetric area (m2), ZP the depth of the permafrost base (m), ZALD10
the active layer depth (m), and I the volumetric ice content (m3/m3). ZP and ZALD are11
defined as depth in direction to the Earth’s center. ZALD defines the seasonal depth of12
thawing and is required to estimate the permafrost thickness (ZP−ZALD). A homogeneous13
spatial unit represents individual areas (e.g. grid cells) that are characterized by a given14
surface type and assumed ground properties.15
5
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Figure 3: Flowchart illustrating the calculation of the areas for bedrock, debris cover and
intact rock glaciers. Some surface information could be mapped (dotted squares), while for
other surface types only estimates of their areal proportion are available (dashed squares).
For the calculations and the sensitivity analysis, summary tables that express the area of
a given surface type per MAGST class were used.
As surface types, we distinguish between bedrock, debris cover and intact rock glaciers1
(Sect. 3.1). We then characterize and summarize ground ice contents for bedrock and debris2
cover within 2 ◦C intervals of MAGST (Sect. 3.2) based on ZP and ZALD (Sect. 3.3) and3
assumed average ground characteristics (Sect. 4.1). The ice content of intact rock glaciers4
is calculated independently of MAGST using estimated average values for ZP , ZALD and5
I from the literature (Sect. 4.2).6
Ground characteristics are estimated using a ’best guess’ parameterization and lower7
and upper bounds per parameter. Based on that, the influence of the individual param-8
eters on the final result is assessed with a sensitivity analyses. The subscripts used are9
summarized in Table 1.10
3.1 Areal extent of individual surface types11
Estimates of fractional bedrock and debris area were derived using a) glacier coverage, b)12
a vegetation mask, and c) slope angle thresholds. First, the glaciated area and vegetation13
cover is excluded from the analysis (Fig. 3). The underlying assumption is that permafrost14
is mostly absent in densely vegetated areas (Haeberli, 1975; Hoelzle et al., 1993). The used15
vegetation mask is based on the soil-adjusted vegetation index (SAVI; Huete, 1988) and16
is derived from Landsat Thematic Mapper (Landsat 5) and Landsat Enhanced Thematic17
Mapper (Landsat 7) images as described in Boeckli et al. (2012b). Glacier cover is based on18
glacier outlines derived from Landsat images provided by Paul et al. (2011). The outlines19
represent glacier extent of the year 2003, manually corrected for debris-covered glacier20
6
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parts. In a next step, fractional bedrock and debris-covered area are distinguished for each1
grid cell. Here, slope angle dependent probabilities of bedrock occurrence (vs. debris cover)2
are used based on a membership function (Fig. 1 and Eq. (1) in Boeckli et al., 2012b).3
To estimate the area of intact rock glaciers, eight inventories compiled during the4
Alpine-space project PermaNET (Cremonese et al., 2011) were used. Each inventory con-5
tains polygon information of intact and relict rock glaciers. If not available, perimeters6
were manually digitized in a GIS for individual rock glacier inventories using the hill shade7
of the ASTER G-DEM as imagery background. The matching (or direct comparison) of8
each inventory with gridded and MAGSTd (subscript D indicates debris) allows to derive9
a density of intact rock glacier occurrence per MAGSTd class within the perimeter of10
the inventory. By applying this to all inventories individually, a mean density of intact11
rock glacier occurrence in debris cover and the corresponding quartiles were calculated per12
MAGSTd class. This allows to derive the area of intact rock glaciers per MAGSTd class13
Alpine-wide. Here we assume that the spatial density of intact rock glacier occurrence is14
dependent on MAGST only and its dependence on slope angle or suitable catchments are15
neglected (cf. Brenning and Trombotto, 2006; Brenning and Azo´car, 2010). In a last step,16
the area of intact rock glaciers was subtracted from the debris area for each MAGSTd17
class.18
3.2 MAGST values for bedrock and debris cover19
For debris-covered areas, no surface temperature model is available for the entire European20
Alps. Here, the mean temperature difference (D) between MAGST and mean annual air21
temperature (MAAT ) is used:22
MAGSTd = MAAT +D, (2)
D and its standard deviation σD are estimated by comparing MAGSTd values at 3623
monitoring sites from the permafrost monitoring network of Switzerland (PERMOS) with24
MAAT values. Gridded MAAT for the period 1960–1990 (Hiebl et al., 2009) is based on25
the GTOPO30 elevation model (U.S. Geological Survey, 1997) with an approximate reso-26
lution of 1000 m and shows a monthly standard error of less then 1 ◦C (Hiebl et al., 2009).27
A constant lapse rate of 0.65 ◦C 100 m−1 (cf. International Organization for Standard-28
ization, 1975) was used to interpolate the coarse MAAT based on more precise elevation29
information from the ASTER GDEM. To refer the longer-term MAAT for each monitoring30
site to the time interval the observations are available, the difference of MAAT 1961–199031
to the observation period is calculated for Piz Corvatsch (Switzerland) and then used to32
derive a MAAT value for the same time period as measurements are available for each33
monitoring site individually. Here, we assume the difference of MAAT for a specific region34
to its longer-term value to be spatially uniform.35
MAGSTd data include measurements of 19 boreholes located in the Swiss Alps (for36
more details, see PERMOS, 2010) and 17 ground surface temperature loggers located in37
7
Paper IV 135
debris cover at Schilthorn, Switzerland. In the case of boreholes, the uppermost ther-1
mistors were chosen having depths that span 0.1–2 m. MAGSTd is usually warmer than2
MAAT (Fig. 4), however some boreholes located in talus slopes show colder MAGSTd3
than the longterm MAAT, indicating that an effective cooling of the ground is present4
(e.g. Delaloye et al., 2003; Hanson and Hoelzle, 2004). Estimates for D range between5
1.0–3.5 ◦C (Table 2) and correspond to the mean of all measurements per surface type.6
Considering that the measurements are probably affected by a bias towards colder and7
permafrost favorable conditions because site-selection was done for permafrost research,8
we assume D=3 ◦C (lower bound: D=2 ◦C, upper bound: D=4 ◦C) in this study. This9
value is slightly lower than used as norm case (D=4.8 ◦C) in a modeling study to derive10
global permafrost zonation (Gruber, 2012), which can be explained by the exclusion of11
vegetated areas in our analysis. σD is assumed to be 2
◦C and is used in Sect 3.3.3 to12
derive MAGSTd for aggregated MAGSTd classes.13
MAGST estimates for steep bedrock (MAGSTb) are based on a statistical model de-14
scribed by Boeckli et al. (2012a): The model predicts MAGSTb using a linear regression15
based on mean annual air temperatures (MAAT) and potential incoming solar radiation16
(PISR) for the entire Alps with a grid resolution of approximately 30 m (details are given17
by Boeckli et al., 2012a). The prediction is based on the climate standard period 1961–18
1990 and the model coefficients of ’rock model 2’ given in Table 5 in Boeckli et al. (2012a).19
The explanatory variables, gridded MAAT and PISR, are calculated according to Boeckli20
et al. (2012a). σb that is required in Sect. 3.3.3 can be estimated from the regression model21
(σb = 1.6
◦C, Table 5 in Boeckli et al. (2012a)).22
3.3 Estimation permafrost thickness in debris cover and bedrock23
ZP and ZALD (Fig. 5) are estimated based on MAGST using an analytical solution to the24
heat conduction equation for an assumed steady state environment without phase change.25
ZALD was additionally determined using a simplified solution of the Stefan Problem (Lu-26
nardini, 1991), which is a widely used analytical solution for the freezing (or thawing) front27
(Sect. 3.3.2).28
3.3.1 ZP and ZALD based on heat conduction29
Under the assumptions of steady state conditions and a two-layered ground, ZP is given by30
temperature gradients (GGA for layer A, and GGB for layer B) and MAGST (WiIliams31
and Smith, 1989):32
ZP =
{ −MAGST/GGA if GT (ZL) ≥ 0
ZL −GT (ZL)/GGB if GT (ZL) < 0 , (3)
We calculate ZP using Eq. (3) and GT (ZL), the ground temperature at the layer33
boundary depth ZL (Fig. 5), is given by:34
8
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Figure 4: MAGSTd relative to long-term MAAT for the period 1961–1990 for ground
surface temperatures at Schilthorn (GST debris), for boreholes drilled at crest (BH crest)
and talus slope (BH talus) locations.
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Figure 5: Schematic permafrost profile based on MAGST and a two-layered ground. In
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The lower layer starts at depth ZL and is considered to be unfractured bedrock.
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GT (ZL) = MAGST +GGAZL (4)
GGA and GGB are given by the geothermal heat flux Qg (Wm
−2) divided by the1
thermal conductivities KA and KB (WK
−1m−1).2
We disregard advective and multi-annual transient effects and assume ZALD to be3
controlled by the seasonal fluctuation of surface temperature and ground properties such4
as thermal conductivity. Maximum ground temperature (GTmax) at any depth (z) can be5
approximated by using the heat conduction equation according to Ingersoll et al. (1954):6
GTmax(z) = MAGST +GGAz +AS e
(−z
√
ω/2κ), (5)
where the amplitude of the temperature wave at depth z is defined by the amplitude7
of the surface wave AS (◦C), the period of the wave ω (s−1, i.e. ω = 2pi/31536000 s for8
one year), the thermal diffusivity κ (m2s−1) and depth z (m). Here, only the ground9
properties of the upper layer A are considered as we assume ZALD < ZL and that different10
thermophysical properties of layer B have no substantial influence on thermal regime in11
layer A. The effect of latent heat is not accounted for in Eq. (5).12
AS was estimated based on mean monthly air temperature (MMAT) values and mean13
monthly ground surface temperatures (MMGST). AS derived from MMAT of MeteoSwiss14
stations measured at Piz Corvatsch (3305 m a.s.l.) and Jungfraujoch (3580 m a.s.l., Switzer-15
land) is around 7.9 ◦C. AS in gentle terrain, where ground surface temperatures are influ-16
enced by snow cover in wintertime is estimated to be 4.5 ◦C (calculation based on MMGST17
of 17 loggers located at Schilthorn, Switzerland, PERMOS, 2010). In this study, AS was18
set to 6.2 ◦C (mean of 7.9 and 4.5 ◦C) and 4.5 ◦C respective 7.9 ◦C for the lower respective19
upper bound.20
Eq. (5) was numerically solved for GTmax(z) = 0 using the ’uniroot’ routine (Brent,21
1973) implemented within the software R (R Development Core Team, 2010). The roots22
(i.e., zeros) of this function in a given interval represent ZALD and ZP , respectively. Finally,23
the ice content of permafrost, expressed in the following as water equivalent WE (mm),24
can be calculated for the ground profile using a) the permafrost thickness ZP − ZALD, b)25
the assumed average ice content of the profile, and c) a constant ice density of 900 kg m−3.26
3.3.2 ZALD based on Stefan Solution27
An alternative solution to derive ZALD is a simplified solution of the Stefan Problem.28
According to Hinkel and Nicholas (1995), ZALD is:29
ZALD =
√
2KAL
LρΘo
√
ADDT, (6)
where L is the latent heat of fusion of water (0.334 MJ kg−1), ρ is the density of ice, Θo30
is the soil porosity (matrix porosity), and ADDT is the accumulated degree days of thaw.31
11
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ADDT is a partial temperature integral over time, calculated by summing the average1
daily temperatures (◦C) beginning with start of the surface thaw (i.e., 0◦ C) to the end2
of surface thaw. ADDT is here calculated by assuming a sinusoidal surface temperature3
wave:4
TS(t) = TS(0) +AS ∗ sin(ω ∗ t) (7)
with period ω = 2pi/365 days, amplitude AS = 6.2 ◦C (Sect. 3.3.1) and an offset TSt=05
(TS: surface temperature, t: time) corresponding to the MAGST. TS(0) defines the be-6
ginning and end of surface thaw. The partial integral of TS(t) to calculate ADDT was7
calculated by adaptive quadrature as implemented in the ’integrate’ function of R (Piessens8
et al., 1983; R Development Core Team, 2010).9
3.3.3 WE for aggregated MAGST classes10
In order to reduce computational effort, WE is calculated for different MAGST classes11
separately, and not for each individual grid cell. We assume MAGST to be normally12
distributed within each class with a mean value equal to the class mean itself and a standard13
deviation (σ) that can be estimated from the MAGST model (Sect. 3.2). The probability14
density function defines the distribution of MAGST values per class and is given by15
MAGST (x) =
1√
2piσ2
e−
1
2
(x−MAGSTC )2
σ2 . (8)
Based on Eq. 8 a random sample was drawn (N = 100) for each MAGST class in-16
dividually, to obtain a MAGST value distribution per class. Based on these MAGST17
distributions, WE for each sample per class was calculated. The total water equivalent of18
permafrost ice WEtot for a MAGST class is then calculated as the arithmetic mean of the19
samples.20
3.4 Thermal conductivity and volumetric heat capacity21
To calculate the thermal conductivity for fractured bedrock and debris, the approach of22
de Vries (1963) as suggested by Zhang et al. (2008) was adopted:23
K =
ΘwKw + faΘaKa + fsΘsKs
Θw + faΘa + fsΘs
, (9)
where K is the thermal conductivity and Θ is the volume fraction of the soil’s con-24
stituents water (w), air (a), and solid soil (s). The sum of Θw, Θa and Θs is 1, and the soil25
porosity (Θo) is equal to the sum of Θw and Θa. The factors fs and fa are defined as:26
fs =
1
3
( 2
1 + (Ks/Kw − 1)0.125 +
1
1 + (Ks/Kw − 1)0.75
)
(10)
12
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1fa =
1
3
( 2
1 + (Ka/Kw − 1)ga) +
1
1 + (Ka/Kw − 1)(1− 2ga)
)
, (11)
and ga is :2
ga =
{
0.333− (0.333− 0.035)Θa/Θo if Θw > 0.09
0.013 + 0.944Θw if Θw ≤ 0.09 (12)
According to de Vries and Afgan (1975), Kw (liquid) is 0.57 WK
−1m−1 and Ka is 0.0253
WK−1m−1. The thermal conductivity of Kw in frozen state (ice) is much higher and4
assumed to be 2.4 WK−1m−1 (Clauser, 2012). Accordingly, Kw for the lower ground layer5
(layer B, Fig. 5) was set to 2.4 WK−1m−1 and for layer A the mean value of the thermal6
conductivity for liquid and frozen state of water is assumed (Kw = 1.5 WK
−1m−1). Ks7
was chosen as defined for unfractured bedrock (Sect. 4.1).8
The volumetric heat capacity is calculated over all constituents multiplied by their9
respective volumetric fractions. The thermal diffusivity (κ) is then given by the ther-10
mal conductivity divided by the volumetric heat capacity. The following heat capacity11
values (given in Jm−3K−1) according to de Vries and Afgan (1975) were used: 4.2 10312
(liquid water), 1.25 103 (air), and 2.5 106 (bedrock). The heat capacity of frozen water13
is 1.8 103Jm−3K−1 (Clauser, 2012). Similar as for the thermal conductivities, the heat14
capacity value of the layer B was chosen for frozen state, while the heat capacity of layer15
A is assumed to be the mean of the values for liquid and frozen state (3 103Jm−3K−1).16
4 Ground properties17
4.1 Characteristics of bedrock and debris cover18
The lower of the two layers considered (layer B) is assumed to be unfractured bedrock. The19
upper layer, which is often characterized by a higher ice content (Osterkamp and Burn,20
2003), is assumed to be fractured bedrock or debris. This results in three different ground21
types for which average physical properties need to be defined: a) unfractured bedrock, b)22
fractured bedrock, and c) debris. For each ground type, the thermal properties are defined23
based on typical values reported in the literature. We start by looking at unfractured24
bedrock as it is further used to derive the thermal characteristics for the other two ground25
types.26
Cermak and Rybach (2012) list thermal conductivity values (in WK−1m−1) for different27
rock types: granite 1.3–2.5, gneiss 1.2–3.1, and sedimentary rocks 2.09 (limestone) – 5.828
(dolomite). Thermal conductivity values between 2 and 3 WK−1m−1 have been used in29
modeling studies for bedrock (Gruber et al., 2004; Noetzli and Gruber, 2009; Baston et al.,30
2010; Hipp et al., 2012) and the ’best guess’ value was therefore set to 2.5 WK−1m−1.31
As lower respective upper bounds 1.2 and 5.8 WK−1m−1 are used (Table 3). Thermal32
13
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diffusivity values (in 10−7m2s−1) are 6.8–12.8 for granite, 6.0–15.7 for gneiss, and 10.1 for1
limestone (Cermak and Rybach, 2012).2
In general, the matrix porosity of rocks is about 0.4–25 % (Schopper, 2012). Sedimen-3
tary rocks such as chalk are characterized by larger porosity up to 50 % (Matsuoka, 2001),4
whereas igneous and metamorphic rock show low porosity values of around 0.8–3% (Weg-5
mann, 1998; Draebing and Krautblatter, 2012; Sto¨ﬄer, 2012). For our analysis, a matrix6
porosity of 3% was used as ’best guess’ value for unfractured bedrock, because it represents7
the upper bound of igneous and metamorphic rock, which form large parts of the Alps.8
The lower bound was set to 1% and the upper bound to 6%. The relative saturation, which9
is required to calculate ice content, depends on aspect angle and rock depth (Sass, 2005).10
Here, values according to Draebing and Krautblatter (2012) are assumed for unfractured11
bedrock: 0.9 (best guess), 0.8 (lower bound), and 1 (upper bound).12
For fractured bedrock, the fracture porosity needs to be estimated first. Not much13
quantitative information for the European Alps is available and the deviation of an average14
fracture porosity used in this study is based on limited empirical evidence: Observations at15
Ho¨rnliridge (Matterhorn, Switzerland) show typical cleft spacing of 0.2–2 m with apertures16
of 0.03–0.30 m and an extent of 3–40 m (Hasler et al., 2012). A mean cleft spacing of 0.9 m17
was measured in highly fractured rock at Hu¨ttenberg, Austria (Hermann et al., 1983). In18
the Central Gotthard Massif, a mean cleft spacing at the surface of 0.47 m was measured19
at the Gamsboden (Zangerl et al., 2006). Based on these values we assume a mean cleft20
spacing of 0.5 m and a fracture aperture of 0.1 m for the European Alps. This results in21
a fracture porosity of 0.17 m3/m3 (0.1 m/0.6 m) for a 20 m deep layer A (ZL = 20 m).22
The lower and upper bounds for ZL were set to 5 m and 30 m, respectively. The relative23
saturation is considered to be different in the permafrost body and in the active layer:24
For the permafrost body, values similar as for unfractured bedrock are assumed and in25
the active layer we assume that moisture is absent in fractures and only present in pores26
(Table 4).27
Arenson and Springman (2005) analyzed borehole samples from the rock glacier Muragl,28
Engiadina (Switzerland) and found porosity (Θo) values ranging from 0.4 to 0.8. For sandy29
loam and silt loam, Θo is around 0.34–0.67 (Ochsner et al., 2001). According to these two30
extreme values, Θw for debris was set to 0.5 (best guess value), 0.4 (lower bound), 0.631
(upper bound). Θw values for rock glaciers can range up to 1 (Arenson and Springman,32
2005; Haeberli et al., 2006) for super-saturated conditions. For sandy loam and silt loam,33
Ochsner et al. (2001) measured Θw of 0.02–0.46. According to this, the relative saturation34
for debris cover was chosen to be 0.6 (best guess), 0.5 (lower bound), 0.7 (upper bound)35
for the permafrost body. The relative saturation in the active layer is assumed to be much36
smaller due to the mostly well drained situations in sloping terrain. ZL values are mainly37
based on the investigation by Sass (2007) (Sect. 2).38
The geothermal heat flux (Qg) is influenced by topography and transient effects leading39
to higher values in valleys and lower values for peaks (Kohl, 1999). However, we assume40
the geothermal heat flux to be spatially uniform with values ranging from 0.04–0.06 Wm−241
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(best guess: 0.05 Wm−2. These values are lower than the geothermal heat flux at depth1
(around 0.8 Wm−2 according to Medici and Rybach, 1995) in order to account for the effect2
of lower geothermal heat flux values at higher elevations (Kohl, 1999), where permafrost3
is present in the Alps.4
4.2 Characteristics of intact rock glaciers5
The first layer underneath the active layer is mostly characterized by high ice content that6
ranges from 10–90% by volume (e.g. Haeberli et al., 1998; Arenson et al., 2002; Hausmann7
et al., 2007; Brenning, 2010). In this study we adopt the lower and upper bounds for8
average intact rock glacier ice contents of 47–70% obtained by Brenning (2010) based on9
a synthesis of published data. The depth of the ice-rich layer is often around 20–30 m10
(Barsch, 1996; Burger et al., 1999; Haeberli et al., 2006) and the depth of the active layer11
itself ranges from 1 to 5 m (Fig. 3.5 in PERMOS, 2010). Below this ice-rich layer, fine-12
grained debris or bedrock is typically located with a much lower ice content or without13
permafrost and is not considered in this study. The values that were used for estimation14
of WE are summarized in Table 5.15
4.3 Sensitivity analysis16
The sensitivity analysis is performed for all ground parameters individually by using lower17
respective upper bounds instead of best guess parameterization. Further, the sensitivity18
of the amplitude of the surface wave AS (Eqs. 5 and 7) is investigated. For debris cover,19
the offset term D (Eq. 2) is additionally considered in the sensitivity analyses because20
the estimation of total water equivalent is sensitive to it (Sect. 5). The relative deviation,21
which is used to quantify the sensitivity in this study, is calculated by dividing the absolute22
difference of results obtained by using lower and upper bounds by the value that is based23
on the best guess parameterization.24
5 Results25
The study area ranges from 43◦–49◦ N and 4◦–16◦ E and covers the entire European Alps.26
The area estimation is based on an ASTER Global Digital Elevation Model (G-DEM,27
Hayakawa et al., 2008) at a grid resolution of approximately 30 m.28
5.1 Bedrock and debris cover29
According to the best guess parameterizations used in this study, permafrost in bedrock30
is characterized by larger permafrost thickness ZP compared to debris for given MAGST31
(Fig. 6, left). This is caused by higher thermal conductivity in layer A for bedrock. Maxi-32
mum ZALD values calculated based on heat conduction (solid lines in Fig. 6, center) range33
15
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Figure 6: ZP , ZALD and WE calculated for the two profiles bedrock and debris for different
mean annual ground surface temperature MAGST . Two approaches ares used to calculate
ZALD and WE respectively: a) analytical heat conduction without phase change (HH, solid
line), and b) Stefan Solution (SS, dashed lines).
up to 10 m and the differences between debris and bedrock is small. The abrupt decrease1
in ZALD at MAGST of around -0.5
◦C is due to the fact that here, maximum ground2
temperature is > 0 ◦C at any depth and thus, no permafrost is present. ZALD based on3
the Stefan Solution is dependent on the thermal conductivity and the soil porosity. Low4
thermal conductivity and a high soil porosity (i.e. debris) lead to lower ZALD values than a5
high thermal conductivity and a low porosity (i.e. bedrock). Based on the assumed ground6
properties, debris cover shows larger water equivalent WE for given MAGST values than7
bedrock (Fig. 6, left), caused by higher volumetric ice content and smaller active layer8
depths ZALD.9
The estimated area of bedrock in the European Alps is 2984 km2 (Table 6) and the10
corresponding total water equivalent of permafrost ice (TWE) is 1.7 km3 calculated using11
heat conduction to determine ZALD and 1.8 km
3 calculated using the Stefan Solution to12
determine ZALD respectively. ZALD values based on the Stefan Solution are larger than13
using the heat condition approach. However, the difference of these two approaches in14
terms of the estimated TWE is small for bedrock areas. The largest contribution to TWE15
originates from the MAGSTb range between -2 an 0
◦C.16
The debris area, whether frozen or unfrozen, is estimated to be 190 044 km2 (Table 7).17
Resulting total water equivalent TWE range from 17.2 km3 (based on heat conduction) to18
21.4 km3 (based on Stefan Solution). Again, the largest contribution to TWE comes from19
the MAGSTd values between -2 and 0
◦C.20
The results of the sensitivity analysis for bedrock and debris are different (Table 8).21
For bedrock, the most sensitive parameters according to our parameterization are related22
to layer B (KB and Θo B), while for debris, the characteristics of layer A shows larger23
16
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sensitivities (KA and Θo A). For bedrock permafrost, the maximal relative deviation that1
is calculated by using upper respective and lower bounds is 94 % for the parameter KB2
(thermal conductivity in the lower layer). For debris permafrost, the largest relative de-3
viation is associated with the parameter D, which defines the difference in MAGST and4
MAAT (relative deviation = 104 %).5
5.2 Intact rock glaciers6
The relative area of intact rock glaciers per MAGSTd class that is derived from the eight7
rock glacier inventories, is summarized in Table 9. Based on these values the total area of8
intact rock glaciers in the European Alps is estimated to be 223 km2 (Table 9).9
The total water equivalent of ice stored in intact rock glaciers in the European Alps is10
estimated to be 4.86 km3. The analysis of the related sensitivities includes the parameters11
from Table 5 and lower and upper bounds of intact rock glacier area that are derived12
from the standard deviation from Table 9. Our results indicates that the most sensitive13
parameter in the estimation of TWE for intact rock glacier is its area (relative deviation =14
62 %, Table 10).15
6 Discussion16
Summarizing the results of section 5, the total water equivalent of permafrost in the Eu-17
ropean Alps is in the order of 24–28 km3 using the best guess parameterizations. Most of18
the ice is estimated to be present in debris-covered areas (around 74 %) and in areas with19
relatively warm MAGST (-2 – 0 ◦C) because of their large areal extent. According to our20
study, around 20 % of total water equivalent of permafrost ice in the Alps is stored in rock21
glaciers and the amount of ice in bedrock is small (6 %). The difference between the two22
approaches to determine ZALD (heat conduction and Stefan Solution) is not significant for23
bedrock (∆TWE = 0.07 km3). This is not the case for debris, where final estimates of24
TWE obtained by these two approaches differ significantly (∆TWE = 4 km3). The Ste-25
fan Solution is expected to reveal better results since effects of latent heat are important.26
However, suitable data of mean annual active layer thicknesses or moisture content would27
be required in order to evaluate which approach is more appropriate.28
Existing studies in northern Canada assume averaged ”ground ice versus depth” profiles29
for entire landscapes (Pollard and French, 1980; Couture and Pollard, 1998), independent30
of near-surface ground temperatures. This is not possible for the European Alps, because31
of the large spatial variability of near ground surface temperature. Additionally, the spa-32
tial characteristics of subsurface conditions are highly variable in the Alps and thus our33
approach cannot be compared to similar studies that focus on lowland permafrost.34
17
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6.1 Sensitivity analysis1
The uncertainties of the values presented in this study are large but the aim was to reveal2
the magnitude of permafrost ice and to develop a framework that deals with the most3
important uncertainties. The ranges that are considered by the lower and upper bounds4
for the individual parameters represent extreme estimates as this paper deals with average5
behavior for an entire landscape. This is useful to quantify the maximal sensitivity of each6
parameter. The sensitivity analysis involves all relevant parameters, which were used to7
parameterize the required ground characteristics. Additionally, the amplitude of the surface8
wave AS that influence the active layer depth ZALD, and the temperature offset D that9
was used to derive mean annual ground surface temperatures in debris cover MAGSTD10
are addressed in the sensitivity analysis. The results of the sensitivity analysis highlight11
the large uncertainties of the final estimate. Individual parameters influence the final12
estimate with a maximal deviation that is in the order of the estimate itself. In general,13
the parameterization of debris is most important because permafrost in debris contributes14
significantly more to the final TWE than permafrost below the other two surface types15
(bedrock and intact rock glacier). The following parameters show a very high sensitivity16
(relative deviation > 60% related to debris permafrost): D, KA, ZL, and Θo A. The17
uncertainty of the predicted MAGSTB values is not included in the sensitivity analysis.18
However, it is incorporated in the calculation of the results for aggregated MAGSTB classes19
(Sect. 3.3.3) and is of minor importance because of the small contribution of bedrock20
permafrost to TWE.21
6.2 Limitations of the modeling approach22
To estimate MAGST for debris cover, constant differences between MAGST and MAAT23
were assumed. Differences in the warming effect that winter snow exerts on ground tem-24
peratures and the topographic differentiations between shady and sun-exposed slopes are25
not reproduced because neither precipitation nor solar radiation are taken into account.26
These effects are expected to be of minor relevance when looking at average values over27
an entire mountain range. However, it is assumed that the permafrost area in debris cover28
is overestimated in our analysis, because talus slopes often show permafrost absence at29
the top of the slope and permafrost presence at the foot of the slope (Haeberli, 1975;30
Lambiel and Pieracci, 2008; Phillips et al., 2009; Scapozza et al., 2011), which is not con-31
sidered in our analysis. On the other hand, paleoclimatic effects from past cold periods32
can significantly influence the thermal regime at depth (Noetzli and Gruber, 2009) and33
thus, our approach based on current surface temperatures possibly underestimates current34
permafrost thicknesses and derived ice contents.35
The total water equivalent of intact rock glaciers in this study area is of minor relevance36
when compared to the one of debris permafrost. However, the estimation of the spatial37
density of rock glacier occurrence could be improved by integrating more rock glacier38
18
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inventories or by using statistical methods (Azo´car and Brenning, 2010). Compared to an1
estimated amount of 1.44 km3 ice-rich permafrost in active rock glaciers in Switzerland2
Barsch (1977), our estimate of 4.86 km3 is comparable considering active and inactive rock3
glaciers for the entire Alps.4
6.3 Relevance of permafrost ice5
Ice stored in permafrost represents a significant, but seldom recognized, ground water6
reservoir in alpine terrain (Clow et al., 2003). Permafrost controls drainage processes such7
as the groundwater storage capacity, which is minimal in spring when the ground is frozen8
(Roulet and Woo, 1986), or the amount of water infiltration into the active layer (Quinton9
et al., 2011). Existing studies highlights the importance of the hydrological significance10
of permafrost for single catchments and relate an increase in base flow to thawing of11
permafrost ice (Ye et al., 2009; Caine, 2010). The total water equivalent of permafrost12
TWE in the European Alps is approximately one-fourth of the TWE of Alpine glaciers (9013
± 30 km3, Levermann et al., 2012). However, in other mountain ranges such as the dry14
Chilean Andes, the water equivalent of rock glaciers is estimated to be much larger than15
the glacier water equivalent (Azo´car and Brenning, 2010) and the contribution of total16
permafrost is even larger. In contrast to glacier meltwater, however, which contributes17
mostly to stream discharge, a large portion of thawing permafrost ice would remain retained18
in pores within the saturated and unsaturated zone of soils and bedrock, especially where19
permafrost has low ice contents. Loss rates for permafrost ice are hardly known but are20
certainly much smaller than for glaciers (cf. Ka¨a¨b et al., 1997). Consequently, the volume21
of glacier is assumed to vanish much more rapidly with a probable disappearance of most22
Alpine glacier ice during the coming decades (Haeberli et al., 2013). It is possible that23
already during the second half of the 21st century, more subsurface ice in permafrost may24
remain than surface ice in glaciers in the European Alps.25
7 Conclusions26
The total water equivalent of permafrost in the European Alps is in the order of 24–28 km3.27
This estimate is based on a simple framework that distinguishes between three different28
surface and ground types (bedrock, debris and intact rock glaciers) and uses ground surface29
temperatures and analytical solutions to the heat equation to derive permafrost thicknesses30
and active layer depth. According to our calculations, 74 % of the total water equivalent of31
permafrost in the Alps is present in debris-covered areas, 19 % is stored in rock glaciers and32
the amount of ice in bedrock is 7 %. However, the uncertainties of these estimates are large,33
because little information of subsurface properties such as thermal conductivity, porosity34
or relative saturation is available and the extrapolation of this information is performed35
over large areas.36
19
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The total water equivalent of permafrost in the European Alps is approximately one-1
fourth of the glacier ice volume. Due to rapid glacier vanishing in the European Alps, it is2
probable that during the second half of the 21st century, more subsurface ice in permafrost3
may remain than in surface ice in glaciers. Therefore, the significance of permafrost as4
ground water reservoir or the influence of permafrost on drainage processes requires further5
attention.6
The proposed modeling approach distinguishes between different surface types for which7
an average depth profile of their characteristics is defined. The sensitivities of the required8
input variables are estimated by defining lower and upper bounds for each variable. How-9
ever, for lack of reference data a proper validation of the individual modeling results is10
currently not possible.11
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Table 1: List of subscripts used.
subscript meaning
P base
PFB permafrost body
AL active layer
ALD active layer depth
A layer A
B layer B
L layer boundary
b bedrock
uf unfractured
f fractured
d debris
C class
D temperature difference MAGST-MAAT
max maximum
t time
w water
a air
s solid soil
RG rock glacier
HH pure heat conduction
SS Stefan Solution
30
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Table 2: D and σD calculated from ground surface temperatures at Schilthorn (GST
debris), for boreholes drilled at crest (BH crest) and talus slope (BH talus) locations. N
describes the number of measurements available.
N D (◦C) σD (◦C)
GST debris 17 3.5 2.1
BH crest 9 2.7 1.3
BH talus 10 1.0 1.4
all 36 2.5 2.0
31
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Table 3: Ground properties for unfractured (uf ) bedrock (K: thermal conductivity, κ:
thermal diffusivity , Θo: porosity, SR : relative saturation). K and κ values are used to
derive the thermal properties of fractured bedrock and debris (Table 4). Lower and upper
bounds are given in brackets.
K κ Θo SR
(WK−1m−1 ) (10−7m2s−1) (m3/m3) (m3/m3)
bedrockuf 2.5 (1.2, 5.8) 10 (6.0, 15.7) 0.03 (0.01, 0.06) 0.9 (0.8, 1)
32
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Table 4: Ground properties for fractured (f ) bedrock and debris (Θo: porosity, SR: relative
saturation, ZL: depth of layer). The relative saturation was estimated for permanently
frozen ground in the permafrost body (PFB) and for the active layer (AL) separately. Lower
and upper bounds are given in brackets. K and κ are calculated as described in Sect. 3.4
Θo SRPFB SRAL ZL
(m3/m3) (m3/m3) (m)
bedrockf 0.17 (0.1, 0.2) 0.9 (0.8, 1) 0.7 (0.6, 0.9) 20 (5, 30)
debris 0.4 (0.3, 0.7) 0.6 (0.5, 0.7) 0.03 (0.02, 0.05) 20 (10, 30)
33
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Table 5: Intact rock glacier characteristics and corresponding lower and upper bounds
given in brackets. I represents the average volumetric ice-content of a intact rock glacier,
and ZRG the averaged depth. Permafrost underneath a rock glacier body is not considered
in this study.
ZALD (m) I (m
3/m3) ZRG (m)
3 (1, 5) 0.55 (0.47, 0.7) 25 (20, 30)
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Table 6: Results for bedrock permafrost (layer A: fractured bedrock, layer B: unfractured
bedrock) and different MAGSTb classes. HH refers to the calculation based on heat con-
duction, and SS refers to the calculation that uses the Stefan Solution to determine ZALD.
MAGSTb A ZP ZALD HH ZALD SS WEHH WESS TWEHH TWESS
◦C (km2) (m) (m) (m) (m) (m) (km3) (km3)
< -8 0.63 448.00 0.02 0.07 13.14 13.13 0.01 0.01
-8,-6 5.86 348.00 0.22 0.59 10.68 10.63 0.06 0.06
-6,-4 24.87 248.00 1.08 2.26 8.14 7.97 0.20 0.20
-4,-2 88.25 149.00 2.36 4.21 5.38 5.22 0.47 0.46
-2,0 261.24 62.00 3.42 4.44 2.60 2.58 0.68 0.68
0,2 498.84 12.00 1.12 1.69 0.54 0.64 0.27 0.32
2,4 570.26 1.00 0.09 0.38 0.02 0.08 0.01 0.04
>4 1533.95 0.00 0.00 0.00 0.00 0.00 0.00 0.00
total 2983.9 - - - - - 1.70 1.77
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Table 7: Results for debris cover (layer A: debris, layer B: unfractured bedrock) and
different MAGSTd classes. HH refers to the calculation based on heat conduction, and
SP refers to the calculation that uses the Stefan Solution to determine ZALD. The area of
intact rock glaciers was subtracted from the debris area per MAGSTd class to derive A.
MAGSTd A ZP ZALD HH ZALD SS WEHH WESS TWEHH TWESS
◦C (km2) (m) (m) (m) (m) (m) (km3) (km3)
< -8 1.38 439.00 0.08 0.08 14.48 14.48 0.02 0.02
-8,-6 7.19 339.00 0.39 0.30 11.99 12.01 0.09 0.09
-6,-4 44.45 239.00 1.10 0.80 9.30 9.40 0.41 0.42
-4,-2 357.70 145.00 2.11 1.37 6.40 6.76 2.29 2.42
-2,0 2335.97 65.00 2.89 1.46 3.40 4.03 7.94 9.42
0,2 5447.41 18.00 1.11 0.68 1.03 1.45 5.64 7.90
2,4 3632.53 3.00 0.47 0.17 0.24 0.31 0.89 1.13
4,6 1440.82 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6,8 1647.90 0.00 0.00 0.00 0.00 0.00 0.00 0.00
>8 175128.86 0.00 0.00 0.00 0.00 0.00 0.00 0.00
total 190044 - - - - - 17.27 21.38
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Table 8: Relative deviations (RD) per parameter in relation to total water equivalent for
bedrock and debris permafrost (HH : heat conduction, SS : Stefan Solution).
bedrock debris
parameter RDHH (%) RDSS (%) RDHH (%) RDSS (%)
Qg 27.9 26.0 25.3 17.3
KA 30.3 21.9 68.6 32.2
KB 94.4 91.1 66.7 53.9
KAL 0.0 17.8 0.0 14.6
ZL 51.6 51.8 68.1 66.9
κ 15.6 0.0 20.5 0.0
Θo A 28.6 35.9 63.7 76.0
Θo B 85.5 80.8 60.4 47.5
SRA 10.8 11.5 21.2 23.8
SRB 11.4 10.8 8.1 6.3
AS 6.0 9.9 9.8 3.9
D 104.4 96.2
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Table 9: Debris and intact rock glacier areas for different MAGSTd classes in the European
Alps (Ad: area of debris cover including intact rock glaciers, ArelRG: relative area of intact
rock glacier occurrence per MAGSTd class inclusive lower and upper quartiles in paren-
theses, AabsRG: absolute area of intact rock glaciers inclusive lower and upper quartiles in
parentheses).
MAGSTd (
◦C) Ad (km2) ArelRG (%) AabsRG (km2)
< -8 1.38 0 (0, 0) 0 (0, 0)
-8,-6 7.19 0 (0, 0) 0 (0, 0)
-6,-4 44.45 0 (0, 0) 0 (0, 0)
-4,-2 359.38 0.47 (0.01, 0.17) 1.68 (0.05, 0.62)
-2,0 2376.90 1.72 (1.28, 2.13) 40.93 (30.46, 50.51)
0,2 5579.35 2.36 (1.77, 2.91) 131.94 (98.79, 162.53)
2,4 3676.96 1.21 (0.57, 1.85) 44.43 (20.92, 68.03)
4,6 1444.95 0.29 (0.03, 0.48) 4.13 (0.41, 6.96)
6-8 1647.98 0 (0, 0) 0.07 (0, 0)
>8 175128.86 0 (0, 0) 0 (0, 0)
total 190267.41 6.05 (3.66, 7.54) 223.18 (150.64, 288.65)
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Table 10: Relative deviation (RD) per parameter in relation to total water equivalent for
intact rock glaciers.
parameter RD (%)
area 62
ZALD 18
ZRG 45
I 42
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